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F^PID QUANTITATIVE ANALYSIS OF PROTEINS 
OR PROTEIN FUNCTION IN COMPLEX MI)aURES 

This invention was made through funding from the National Science 
Foundation Science and Technology Center for Molecular Biotechnology (grants 
5T32HG and BIR9214821) and the National Institutes of Health (NIH grants 
RR11823. T32HG00035. HD^2274 and GM60184). The United States government 
has certain rights in this invention. 

CROSS-REFERENCE TO RELATED APPLICATIONS 
This application takes priority under 35 U.S.C.§1 19(e) from U.S. provisional 
applications serial no. 60/097.788. filed August 25. 1998 and serial no.60/099 113 
filed September 3. 1998. both of which are incorporated in their entirety by reference 
nerein. 

BACKGROUND OF THE INVENTION 
Genomic technology has advanced to a point at which. In principle, ft has 
become possible to detem,ine complete genomic sequences and to quantitatively 
measure the mRNA levels for each gene expressed in a celL For some species the 
complete genomic sequence has now been determined, and for one strain of the 
yeast Sacchammyces cervisiae, the mRNA levels for each expressed gene have 

been precisely quantified under different growth conditions (Velculescuetal 1997) 
Comparative cDNA array analysis and related technologies have been used'to 
detemiine induced changes in gene expression at the mRNA level by concurrently 
monitonng the expression level of a large number of genes (in some cases all the ' 
genes) expressed by the investigated cell or tissue (Shalon et a! 1 996) 
Furthemiore. biological and computational techniques have been used to correlate 
specrfic function with gene sequences. The interpretation of ti,e data obtained by 
these techniques in the context of the stmcture. control and mechanism of biological 
systems has been recognized as a considerable challenge. In particular, it has been 
extremely difficult to explain ti,e mechanism of biological processes by genomic 
analysis alone. 
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Proteins are essential for the control and execution of virtually every biological 
process. The rate of synthesis and the half-life of proteins and thus their expression level 
are also controlled post-transcriptionally. Furthermore, the activity of proteins is frequently 
modulated by post-translational modifications, in particular protein phosphorylation, and 
dependent on the association of the protein with other molecules including DNA and 
proteins. Neither the level of expression nor the state of activity of proteins is therefore 
directly apparent from the gene sequence or even the expression level of the 
con-esponding mRNA transcript. It is therefore essential that a complete description of a 
biological system include measurements that indicate the identity, quantity and the state of 
activity of the proteins which constitute the system. The large-scale (ultimately global) 
analysis of proteins expressed in a cell or tissue has been temied proteome analysis 
(Pennington et al.. 1997). 

At present no protein analytical technology approaches the throughput and level of 
automation of genomic technology. The most common implementation of proteome 
analysis is based on the separation of complex protein samples most commonly by two- 
dimensional gel electrophoresis (2DE) and the subsequent sequential identification of the 
separated protein species (Ducret et al.. 1998; Gan-els et al.. 1997; Link et al.. 1997; 
Shevchenko et al.. 1996; Gygi et al. 1999; Boucherie et al.. 1996). Thiis approach has 
been revolutionized by the development of powerful mass spectrometric techniques and 
the development of computer algorithms which con-elate protein and peptide mass spectral 
data with sequence databases and thus rapidly and conclusively identify proteins (Eng et 
al.. 1994; Mann and Wilm, 1994; Yates et al.. 1995). This technology has reached a level of 
sensitivity which now permits the identification of essentially any protein which is detectable 
by conventional protein staining methods including silver staining (Figeys and AebersoW. 
1998; Figeys et al.. 1996; Figeys et al.. 1997; Shevchenko et al.. 1996). However, the 
sequential manner in which samples are processed limits the sample throughput, the most 
sensitive methods have been difficult to automate and low abundance proteins, such as . 
regulatory proteins, escape detection without prior enrichment, thus effectively limiting the 
dynamic range of the technique. In the 2DE/(MS)N method, proteins are quantified by 
densitometry of stained spots in the 2DE gels. 



2 



WUUWl 12118 

PCT/US99/19415 

The developmen. of memcds and lns,n.men,ata for au.o™w. data^ependen, 

™c^a,-.ao. cHronna,o,.pH, <.LC, and da..a.e seaLin, ^"n.. 
■ncreased mesensifivity and speed of me idenWcation of ge|.™d ^7 

.0 »,e aOE/MS-app^ach ,o p.,eon,e analys^'^e ZZ^'^ 
n-ass spec^^et-v of pep„de .i.u.es gene.,ed .e d,e*„ of I^x ^ 

app^aches dramaUcaNy accelerate pcCeln idenMcato. .he ,uao«,es of ie 
^n,^„„o.heeasi,yde,er..ed.a„d.ese^^^ 

sub^an a,^a»ev,a.e «,e dynamic range problem a.o encoumered by .he 2DBMS/MS 
.pp.oach. Therefore, low abundance proteins in complex satr^es Z also diZ« fo 
analyzeby««uLC/MS/MSme.hodwithoutthelrp,ior««,„l, 

comn,,! '^=''"°'°9ias. while suitable fo IdenUfy «,e 

components ofprotein mixtures, are neither ran=hi« , loenuiyme 

of ac-v^y Of the protein in a mixUrre eI eTo Mfol ' '"""^ ""^ 
u improvements Of the current 

quantitative and functional proteome analysis a reality. 
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products and may. as a result, be difficult to use for assaying several proteins or enzymes 
simultaneously in a single sample. Current methods may not distinguish among aberrant 
expression of different enzymes or their malfunctions which lead to a common set of clinical 
symptoms. The methods and reagents herein can be employed in clinical and diagnostic 
assays for simultaneous (multiplex) monitoring of multiple proteins and protein reactions. 

SUMiy4ARY OF THE INVENTION 
This invention provides analytical reagents and mass spectrometry-based methods 
using these reagents for the rapid, and quantitative analysis of proteins or protein function 
in mixtures of proteins. The analytical method can be used for qualitative and particularly 
for quantitative analysis of global protein expression profiles in cells and tissues, i.e. the 
quantitative analysis of proteomes. The method can also be employed to screen for and 
identify proteins whose expression level in cells, Ussue or biological fluids is affected by a 
stimulus (e.g.. administration of a drug or contact with a potentially toxic material), by a 
change in environment (e.g.. nutrient level, temperature, passage of time) or by a change 
in condition or cell state (e.g.. disease state, malignancy, site-directed mutation, gene 
knockouts) of the cell, tissue or organism from which the sample originated. The proteins 
identified in such a screen can function as mariners for the changed state. For example, 
comparisons of protein expression profiles of normal and malignant cells can result in the 
identification of proteins whose presence or absence is characteristic and diagnostic of the 
malignancy. 

In an exemplary embodiment, the methods herein can be employed to screen for 
changes in the expression or state of enzymatic activity of specific proteins. These 
changes may be induced by a variety of chemicals, including pharmaceutical agonists or 
antagonists, or potentially hamiful or toxic materials. The knowledge of such changes may 
be useful for diagnosing enzyme-based diseases and for investigating complex regulatory 
networks in cells. 

The methods herein can also be used to implement a variety of clinical and 
diagnostic analyses to detect the presence, absence, deficiency or excess of a given 
protein or protein function in a biological fluid (e.g.. blood), or in cells or tissue. The 
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memod is ^rtioulany useM in me analysis of complex mixn,«s of pweins, l.e *ose 
containing 5 or more disSnc.pro.eins or pn^fein functions. 

^« method employs aflini.y.abe,edpro.einrsaoUvere39ente«,a.allow 
^me selecsve isotaUon of pepfide ,.g„en.s or ,.e produOs of ,.ac«on „«H ZT 

pr^ (e.9.. products of enzyn,a„c reacBon, from con^iex n^dures. The mj, peptide 
»3gmen,s or reaction products are characteristic of the presence of a piotein or the 
^ o a protein function, e.g., an enzyma^c ac..i.y, respeCety. ,„ those n,^. 
^ pepMesorreaCon produCs are charaCehzed by pass spec.ro,™wc (MS, 
te^nK,ues. ,n particular, the sequence of isolafed peptides can be determhed sin 
-an em ms (MS-, techniques, and by application o, sequence database seai^r 
techniques, the protein fron, which the sequenced peptide originated can be ideled 
The reagents also provide for differential isotopic labeling of the isolated pepSdes or ' 
^c.- "'0^ Which factates quantitaUve dete™ina«on by n«ss speComeby of the 
^ moun^ o, proteins in different samples. Also, the use o, differentially iso^pica,;. 
^ed reagents as interna, standards fa*tes quantitat^e de.ern.„ation of the abLute 
amounts of one or more proteins or reaction products present in the sample. 

in general, the afTrnity labeled protein reactive reagents of this invention have three 
^P^n-namnltyiabeKAicovalently linked toaproteln.^^^ 

A-L-PRG 

sutl^ r:' ""''"'"'^ P^.Mrogenscanbe 
substituted with deuteriums or C'^ with C". 

or non "y' to a " 'T"' ' ~ '''^ ^^^^ --en-V 
ol^d. '-^9e.HCR). Binding toCR facilitates isolation of 

P^es,subs^tes or .action p^ducts tagged or labeled w«hA. Inspecitfc 

e2-.ments,Aisas,repavidin or avidinn. After afnnily isolation Of afnnlty tagged 
matenals. some of which may be isotopfcaUy labeled, the ^ra«ion behveenl andthe 
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capture reagent is disrupted or broken to allow IVIS analysis of the isolated materials. The 
affinity label may be displaced from the capture reagent by addition of displacing ligand. 
which may be free A or a derivative of A. or by changing solvent (e.g.. solvent type or pH) 
or temperature conditions or the linker may be cleaved chemically, enzymatically. thermally 
or photochemically to release the isolated materials for MS analysis. 

Two types of PRG groups are specifically provided herein: (a) those groups that 
selectively react with a protein functional group to fonn a covalent or non-covalent bond 
tagging the protein at specific sites, and (b) those that are transformed by action of the 
protein, e.g., that are substrates for an enzyme. In specific embodiments, PRG is a group 
having specific reactivity for certain protein groups, such as specificity for sulfhydryl groups, 
and is useful in general for selectively tagging proteins in complex mixtures. A sulfhydryl 
specific reagent tags proteins containing cysteine. In other specific embodiments. PRG is 
an enzyme substrate that is selectively cleaved (leaving A-L) or modified (giving A-L-PRG*) 
by the action of an enzyme of interest. 

Exemplary reagents have the general formula: 

A.B^X^-(CH2)„-[XMCH2)„ ]«-XMCH2)p -X^-B^-PRG 

where: 

A is the affinity label; 

PRG is the protein reactive group; 

X\ X^ and X*. independenUy of one another, and independently of other X* in 
the linker group, can be selected from O. S..NH. NR, NRR'*, CO, COO. COS, S-S. 
SO. SO2. CO-NR'. CS-NR\ Si-0. aryl or diaryl groups or X'-X* may be absent, but 
preferably at least one of X' -X" is present; 

B' and B^ independently of one another, are optional moieties that can faciliate 
bonding of the A or PRG group to the linker or prevent undesired cleavage of those 
groups from the linker and can be selected, for example, from COO. CO. CO-NR*. 
CS-NR- and may contain one or more CHj groups alone or in combination with other 
groups. e.g.( CHj VCONR", (CH^VCS-NR'. or (CHj),; 
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n. m. p and , are whole numbers thai can have values from 0 to about 100 

preferably one of n. m. p or , is no, 0 and x is also a *ole number .hat can i^nge 

fmm o to about 100 where the sum of n*xm.p.<, is preferably less than about 100 

and more preferably less than about 20; 

R is an alkyi, alkenyl. alkynyl, alkoxy or aryl group; and 

R' is a hydrogen, an alkyl. alkenyl. alkynyl, alkoxy or aryl^ group. 

fci ce?IT T "'"^ °' '^"'"y =™« 

g«,ps that promote ionization, such as acMic or basic groups or groups cany*^ 

.the I inker can be replaced with a double or a tnple bond. Prefe^d R and R- aM 
alkenyl. alkynyl or alkoxy groups are small having 1 to about 6 carton atoms. 

oe„»»r °' °' ' i»*>P« to 

Z! 7 " ™" -'oP-l'y ^nguishable 

roagents. For example, one or more hydrogens in .he linker can be substituted with 
deulenum to generate Isotopically heavy reagents. 

m an exemplary embodiment the linker contains groups that can be cleaved to 
ZLT " ' ^"^'^y^"- " -yP-'IV ■=<eaved after 

t T '" '^'=""3 linker preferably 

remains bound to the protein, peptide, substrate or reaction product 

diami '-'"78™''="^""'"™"9°»'=--«'ers. polyethers. ether diamines, polyether 
or Ik^^ groops. groups in linkers can contain one or more he.eroa.oms N O 
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In one aspect, the invention provides a mass spectrometric method for identification 
and quantitation of one or more proteins in a complex mixture which employs affinity 
labeled reagents in vi/hich the PRG is a group that selectively reacts with certain groups 
that are typically found in peptides (e.g..sulfhydryl. amino, carboxy. homoserine lactone 
groups). One or more affinity labeled reagents with different PRG groups are introduced 
into a mixture containing proteins and the reagents react with certain proteins to tag them 
with the affinity label. It may be necessary to pretreat the protein mixture to reduce 
disulfide bonds or otherwise facilitate affinity labeling. After reaction with the affinity labeled 
reagents, proteins in the complex mixture are cleaved, e.g., enzymatically. into a number 
of peptides. This digestion step may not be necessary, if the proteins are relatively small. 
Peptides that remain tagged with the affinity label are isolated by an affinity isolation 
method, e.g.. affinity chromatography, via their selective binding to the CR. Isolated 
peptides are released from the CR by displacement of A or cleavage of the linker, and 
released materials are analyzed by liquid chromatography/mass spectrometry (LC/MS). 
The sequence of one or more tagged peptides is then determined by MS" techniques. At 
least one peptide sequence derived from a protein will be characteristic of that protein and 
be indicative of its presence in the mixture. Thus, the sequences of the peptides typically 
provide suffident infonmation to identify one or more proteins present In a mixture. 

Quantitative relative amounts of proteins in one or more different samples containing 
protein mixtures (e.g.. biological fluids, cell or tissue lysates. etc.) can be detennined using 
chemically identical, affinity tagged and differentially isotopically labeled reagents to affinity 
tag and differentially isotopically label proteins in the different samples. In this method, each 
sample to be compared is treated with a different isotopically labeled reagent to tag certain 
proteins therein with the affinity label. The treated samples are then combined, preferably in 
equal amounts, and the proteins in the combined sample are enzymatically digested, if 
necessary, to generate peptides. Some of the peptides are affinity tagged and in addition 
tagged peptides originating from different samples are differentially isotopically labeled. As 
described above, affinity labeled peptides are isolated, released from ihe capture reagent 
and analyzed by (LC/MS). Peptides characteristic of their protein origin are sequenced using 
MS" techniques allowing identification of proteins in the samples. The relative amounts of a 
given protein in each sample is detemiined by comparing relative abundance of Oie ions 
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levels ,n the samples examined. More specificallv th. ^ . 

this case, a known amount of internal ^tanriorH . ^^^piex mixture. In 

peptaie ™- ,n fte afflnrty teg portion. ,o distinguish i, from the affini^ .agged pep«de to be 
ir^ih^^ . X . reagent. A known amount of this material can be added 

;^e:r<::.— ^^^^ 

Wim p™.eins h T ° ' "''"''"^ ^PeofBcityforreacta 

abundance pro.e,„s ,n complex .Utures and can be used .o se,e=«v^y analyze spLc 

ZZZ "'"'"'^^ - ~« cr ce„ surface proteins, or p™ el 

oontarned „th,„ organelles, sub-ce.a.,ar fracions, or biochemical .racUcns si as 
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immunoprecipitates. Further, these methods can be applied to analyze differences in 
expressed proteins in different cell states. For example, the methods and reagents herein 
can be employed in diagnostic assays for the detection of the presence or the absence of 
one or more proteins indicative of a disease state, such as cancer. 

In a second aspect, the invention provides a MS method for detection of the presenqe 
or absence of a protein function, e.g.. an enzyme activity, in a sample. The method can also 
be employed to detect a deficiency or excess (over nonnal levels) of protein function in a 
sample. Samples that can be analyzed include various biological fluids and materials, 
including tissue and cells. In this case, the PRG of the affinity labeled reagent is a substrate 
for the enzyme of interest. Affinity labeled substrates are provided for each enzyme of 
interest and are introduced into a sample where they react to generate affinity labeled 
products, if the enzyme of interest is present in the sample. Products or unreacted substrate 
that are tagged with the affinity label are isolated by an affinity isolation method, e.g.. affinity 
chromatography, via their selective binding to the CR. The isolated tagged substrates and 
products are analyzed by mass spectrometry. Affinity labeled products include those in 
which the substrate is entirely cleaved from the linker or in which the substrate is modified by 
reaction with a protein of interest. Detection of the affinity-labeled product Indicates the 
protein function is present in the sample. Detection of little or no affinity labeled product 
indicates deficiency or absence, respectively, of the protein function in the sample. 

The amount of selected protein, e.g.. measured in terms of enzyme activity, present in 
a sample can be measured by introducing a known amount of an internal standard which is 
an isotopically labeled analog of the expected product of the enzymatic reaction of the 
reagent substrate. The internal standard is substantially chemically identical to the expected 
enzymatic reaction product, but is isotopically distinguishable therefrom. The level of protein 
function (e.g.. enzymatic activity) in a given sample can be compared with activity levels in 
other samples or controls (either negative or positive controls). The procedure therefore can 
detect the presence, absence, deficiency or excess of a protein function in a sample. The 
method is capable of quantifying the velocity of an enzymatic reaction since it enables the 
amount of product formed over a known time period to be measured. This method can be 
multiplexed, by simultaneous use of a plurality of affinity labeled substrates selective for 
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different protein fancion, ir quantitation is desired by inclusion of the con«spondino 
..r„..nd^^^ 

DETAILED DESCRIPTION OF THE INVENTION 

Which T ^"""^ '^"^ P™'-'" -active reagents in 

whi* the afflnty tag is covalently attached to a protein reac^e gtoup by a ..nicer I tinker 

^n^^^otop^ny tabetedtogenerate pairs or setso,.^ 

ZT^- r -*guishab,e by .ass. For exan,p,e a pair of rjagents 

«ie ofwhrch ,s ^.opicaliy heavy and the other ofwhich is isotope. J^ht LJi^Z 
formecompansonoftwosamplesoneofwhlchmavh.^™, c« employed 

or™.^np™tei„si„.o.a™unts.F:e:Ce^::=^^^^ 

Suitable affinity tags bind seiectively either covalently or non-covalen.^ and with hloh 
affinity to a capture reaaent <cr\ tho r-o a x ^ '9" 

/ P ure reagent (CR). The CR-A interaction or bond should remain intact aftpr 

rzrrairTr^"^*'^°'~'°-""---^^^^^^ 

components. The affin,ty tag b,nds minimally or preferably not at all to components k, the 
assay system, excep, CR. and does not siginficanUy bind to surfaces of re^ZT 
Any non-specific interaction of the afflnity taa with nth., 

dl^upted by mu...p,e washes that leav: CR^ n^^ ~ ^ ^= 

(he Interaction of A and CR to r^.= 1 ^ '° 

Agan=se .n h , ^"^^''^^ '° ^ -ch as 

rdr:r:r::::^^^^^^^^^^ 

-■dnotbep.sen..„.hesam.etobeanaly.::i:^^^^^^^^ 
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Examples of A and CR pairs include: 

d-biotin or structurally modified biotin-based reagents, including d-iminobiotin. which 
bind to proteins of the avidin/streptavidin. which may. for example, be used In the 
fonns of strepavidin-Agarose. oiigomeric-avidin-Agarose. or monomerlc-avidin- 
Agarose; 

any 1.2-diol, such as 1.2-dihydroxyethane (HO-CHj-CHj-OH). and other 1.2- 
dihyroxyalkanes including those of cyclic alkanes. e.g.. 1 .2-dlhydroxycydohexane 
which bind to an alky! or aryl boronic acid or boronic acid esters , such as phenyl- 
B(0H)2 or hexyl-B(0Ethyl)2 which may be attached via the alkyi or aryl group to a solid 
support material, such as Agarose; 

maltose which binds to maltose binding protein (as well as any other ?ugar/sugar 
binding protein pair or more generally to any ligand/llgand binding protein pairs that 
has properties discussed above); 

a hapten, such as dinitrophenyl group, for any antibody where the hapten binds to an 
anti-hapten antibody that recognizes the hapten, for example the dinitrophenyl group 
will bind to an anti-dinitrophenyi-IgG; 

a ligand which binds to a transition metal, for example, an oligomeric histidine will bind, 
to Ni(ll). the transition metal CR may be used in the fonn of a resin bound chelated 
transition metal, such as nitrilotriacetic acid-chelated Ni(ll) or iminodiacetic acid- 
chelated Ni(II); 

glutathione which binds to glutathione-S-transferase. 

in general, any A-CR pair commonly used for affinity enrichment which meets the 
suitability criteria discussed above. Biotin and biotin-based affinity tags are preferred. Of 
particular interest are structurally modified biotins. such as d-iminobiotln, which will eiute from 
avidin or strepavidin columns under solvent conditions compatible with ESI-MS analysis. 
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such as d»u.a acids containing ,0-20% organic solvent, it is expected .ha, d-imi™,bio«„ 
teased compounds will elute In solvents below pH 4. d-iminoblotin tagged p^tein teacave 
reagents can be synthesteed by n^thods described herein for the conespondu,g bloUn 

tagged reagents. 



A displacement l^and. DL. is optionally used to displace A tam CR. Suitable DLs are 
not ^pically present in samples unless added. DL should be chemically and enzymaUcally 
stable in me sample to be analyzed and should not react with or bind to component, (oUter 
thanCR) in samples or bind non-specifTcally to reacuon vessel walls. DL ptBferaWy does 
no. undergo peptide-IIke fragmentation dunng MS analysis, and its presence In sample 
should not significantly suppress me ionization of tagged peptide, substrate or .Baction 
product conjugates. 

DL itself preferably Is minimally ionized during mass spect«.metric analysis and me 
fonnabon of tons composed of OL clusters is preferably minimal The selection of DL 
depends upon ,l,e A and CR groups that are employed, in general. DL is selected to' 
displace A from CR in a reasonable time scale, at most within a week of Its addition bu, 
more preferably within a few minutes or up to an hour The afBnity of DL for CR should be 
comparable or stinger than the a«inity of the tagged compounds containing A for CR 
Furtttemrore. DL should be soluble in the solvent used duHng the elution of tagged 
coi^pounds containing A from CR. DL preferably Is free A or a dedvative or structttral 
o^lficaaonofA. Examples of DL include. d-blo,i„ or d-btotin dedvatives. partcutady mose 
contaming groups that suppress cluster fom-ation or supprass tonization in MS. 

The linker group (L) should be soluble in the sample liquid to be analyzed and I, 
shou« be Stable wim respect to chemical reaction, e.g.. substantially chentoiv inert wim 
components of the sample as well as A and CR groups. The linker when bound to A should 
nonntarfere .^h the spaciBc interaCon of A with CR or intarfere with me displacement of A 
»«n CR by a displacing ligand or by a change i„ temperaftrre or solvent. The linker shoufd 
bind m,n,ma«y or preferably no, at all to other components in the system, to reactfon vessel 
surfaces or CR. Any non-speciflc inleractions of the linker should be bmken altar mulUple 
washes Which leave ,he A-CR complex Intac Linkers preferably do no, underjo pepMe*e 
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fragmentation during (MS)" analysis. At least some of the atoms in the linker groups should 
be readily replaceable with stable heavy-atom isotopes. The linker preferably contains 
groups or moieties that facilitate ionization of the affinity tagged reagents, peptides, 
substrates or reaction products. 



To promote ionization, the linker may contain acidic or basic groups, e.g., COOH, 
SO3H. primary, secondary or tertiary amino groups, nitrogen-heterocycles. ethers, or 
combinations of these groups. The linker may also contain groups having a permanent 
charge, e.g., phosphonium groups, quaternary ammonium groups, sulfonium groups, 
chelated metal ions, tetralky or tetraryl borate or stable carbanions. 

The covalent bond of the linker to A or PRG should typically not be unintentionally 
cleaved by chemical or enzymatic reactions during the assay. In some cases it may be 
desirable to cleave the linker from the affinity tag A or from the PRG. for example to facilitate 
release from an affinity column. Thus, the linker can be cleavable. for example, by chemical, 
thermal or photochemical reaction. Photocleavable groups in the linker may include the 1-(2- 
nitrophenyl)-ethyl group. Thermally labile linkers may, for example, be a double-stranded 
duplex formed froni two complementary strands of nucleic add. a strand of a nucleic acid 
with a complementary strand of a peptide nucelic acid, or two complementary peptide 
nucelic acid strands which will dissociate upon heating. Gleavable linkers also include those 
having disulfide bonds, acid or base labile groups, including among others, diarylmethyt or 
trimethylarylmethyl groups, silyl ethers, carbamates, oxyesters, thiesters. thionoesters, and 
a-fluorinated amides and esters. Enzymatically cleavable linkers can contain, for example, 
protease-sensitive amides or esters, p-lactamase-sensitive P-lactam analogs and linkers that 
are nuclease-cleavable, or glycosidase-cleavable. 

The protein reactive group (PRG) can be a group that selectively reacts with certain 
protein functional groups or is a substrate of an enzyme of interest. Any selectively reactive 
protein reactive group should react with a functional group of interest that is present in at 
least a portion of the proteins in a sample. Reaction of PRG with functional groups on the 
protein should occur under conditions that do not lead to Substantial degradation of the 
compounds in the sample to be analyzed. Examples of selectively reactive PRGs suitable 
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esters anri w hwHr • • ^^"^"^es. active esters, including tetrafluorophenyl 

esters, and N-hydroxysucan,midyl esters, acid halides. and acid anyhydrides in L f 
am.no reactive groups include aldehydes or ketonp. in fh ^"^''y^"^^^- ^ddrtion. 
NaCNBH, ' ^'^"^"'^^ °^ ^b^^"<^« of NaBH, or 

Carboxylic acid reactive groups include amines or alcohols in the presence of a 
coupLng agent such as dicyclohexylcarbodiimide or 2 3 5 6 t.tr.f, , 
and in the ores^nr^ «r / 2,3.5,6-tetrafluorophenyl trifiuoroacetate 



lactone 



Ester «,c«ve g^ups indude amines Which, ,0, exa„^e. ,eac ho^Hne 



Fe(,m oT^mrrr" ~ «" example 

FeO,l)orGa(nO,che,a.ed.o.,orexamp,e.nWo«ace«acecidorlm»diaceUc3^^^^ 

Aldehyde or ketoTOreacOve groups include amine plus NaBH or NaCNBH „r«,. 
™^oen.a,er«rs..ea„„gacarhoh.dra.e..hpe.oda.e:genel^:::::^^^^^^^^^ 

in.eres.r;zL:::terr'"°'^"^""="^™°''^^^^^^ 

ir:e~~r'"''"'^'^°"^^-^-"'^--esofl„,eres.,or„se 

creaBn^ri " """'"'"^ ^"^^"^^^ ^P^''^'' am»„a„sle,ase 

orea^ne k,„ase, gamma-gMamytanslerase, lipase, lactate dehydn^enase and 
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gIucose-6-phosphate dehydrogenase which are currently routinely assayed by other 
methods. 

The requirements discussed above for A. L. PRG. extend to the con-esponding to the 
segments of A-L-PRG and the reaction products generated with, this reagent. 

Internal standards, which are appropriately isotopically labelled, may be employed in 
the methods of this invention to measure absolute quantitative amounts of proteins in 
samples. Internal standards are of particular use in assays intended to quantitate affinity 
tagged products of enzymatic reactions. In this application, the internal standard is 
chemically identical to the tagged enzymatic product generated by the action of the enzyme 
on the affinity tagged enzyme substrate, but carries isotope labels which may include ^H. '^C. 
«N. '^O. '"O. or ^"S, that allow it to be independently detected by MS techniques. Internal 
standards for use in method herein to quantitative one or several proteins in a sample are 
prepared by reaction of affinity labeled protein reactive reagents with a known protein to 
generate the affinity tagged peptides generated from digestion of the tagged protein. Affinity 
tagged peptides internal standards are substantially chemically identical to the corresponding 
affinity tagged peptides generated from digestion of affinity tagged protein, except that they 
are differentially isotopically labeled to allow their independent detection by MS techniques. 

The method of this invention can also be applied to determine the relative quantities of 
one or more proteins in two or more protein samples, the proteins in each sample are 
reacted with affinity tagging reagents which are substantially chemically identical but 
differentially isotopically labeled. The samples are combined and processed as one. The 
relative quantity of each taggged peptide which reflects the relative quantity of the protein 
from which the peptide originates is determined by the measurement of the respective 
isotope peaks by mass spectrometry. 

The methods of this invention can be applied to the analysis or comparison of multiple 
different samples. Samples that can be analyzed by methods of this invention include cell 
homogenates; cell fractions; biological fluids including urine, blood, and cerebrospinal fluid; 
tissue homogenates; tears; feces; saliva; lavage fluids such as lung or peritoneal lavages: 
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Of biological molecules including p™,ei„s. lipids, carbohyd^.es and nudeic 
.adsgene«.edbypani3lorconH-e,e„.o«onataofce«or„s.ueho™gen^,^ ^ 

The methods of this Invention employ MS and (MS)" methods. While a varietv o, MS 
and (M a« ava.abel and may be^sed in these methods. MatHx Assisted LalT 
Oeso^^on^tion MS (MALD^s, and Bectrosp^ay lon.a,lon MS (ES.MS, methods 



Quantitative proteome analysis 

■^is meftod is schemaacaliy illust^ted in Scheme t using a biotin labeled sulfhyd^aci™ 
reference prote,n m«ture. The method compnses the following steps: 

Educed to free SH g^ups. The prefened reducing agent is th-n-butylphosphine which Is 
anTn '^"'"^ ^"^"^ n,e JptoemT mi e 

rr:it h' '^"^ ~ - -^"^^ 

wl T °' "^-a-ts to maintain ptotein solubility 

The refetence and sample ^tein n«ures to be compared are processed separately 
applying Identical reaction conditions; ^paraieiy. 

the bio^lr"" "^"^ " 9™^= --^a"^«< ^ 

~ or^r"' "^""^-^--^a^vM.z.lo tnoxauidecanediamine 

tebeled f.^ by subs.i,u.on of linkeratoms with stable isotopes and each samp'e is 
^nvat..d-,adifferentlso.opical,y.^^^^ 

rralT " "^""^ """^ '^"^ "'^ -"<««°- (PH a 'or 90 min a. RT. For 

^ I rl — ^ -lysis o, 

related to. Typ,ca»y. the reference sample is labeled with me isotopicaiiy heavy reagent and 
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the experimental samples are labeled with the isotopically light form of the reagent, although 
this choice of reagents is arbitrary. These reactions are also compatible with the presence of 
high concentrations of solubilizing agents; 



Combination of labeled samples. After completion of the affinity taggir>g reaction 
defined aiiquots of the samples labeled with the isotopically different reagents (e.g.. heavy 
and light reagents) are combined and all the subsequent steps are performed on the pooled 
samples. Combination of the differentially labeled samples at this eariy stage of the 
procedure eliminates variability due to subsequent reactions and manipulations. Preferably 
equal amounts of each sample are combined; 

Removal of excess affinity tagged reagent. Excess reagent is adsorbed, for example, 
by adding an excess of SH-containing beads to the reaction mixture after protein SH groups 
are completely derivatized. Beads are added to the solution to achieve about a 5-fold molar 
excess of SH groups over the reagent added and incubated for 30 min at RT. After the 
reaction the beads are be removed by centrifugation; 

Protein digestion. The proteins in the sample mixture are digested, typically with 
trypsin. Alternative proteases are also compatible with the procedure as in fact are chemical 
fragmentation procedures. In cases in which the preceding steps were performed in the 
presence of high concentrations of denaturing solubilizing agents the sample mixture are 
diluted until the denaturant concentration is compatible with the activity of the proteases 
used. This step may be omitting in the analysis of small proteins; 

Affinity isolation of the affinity tagged peptides by interaction with a capture reagent. 
The biolinylated peptides are isolated on avidin-agarose. After digestion the pH of the 
peptide samples is lowered to 6.5 and the biotinyJated peptides are immobilized on beads 
coated with monomeric avidin (Pierce). The beads are extensively washed. The last washing 
solvent includes 10% methanol to remove residual SDS. Biotinylated peptides are eluted 
from avidin-agarose, for example, with 0.3% fonnic acid at pH 2; 
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Analysis of tt,e isolated, denvafeed pepiidas by MLC-MS"or CE-MS"wi«, dam 
dependent fragmentation. Methods anH in.tr, . «= "vio w«n aata 

anddasc.bed.,6rexa.p,a. in 'ZT"'''^'^ ""^'^ 

or Haynes e. a,., ,998 are Jad "'^'^ « 

.j:xx:ar:::Te:"""~^^""^''''^-^^^^ 

«rhio ,u by automated multistage MS This is 

.bysa^cun^pap^dalsorapll::^^^^^ 
*-a«on(C,OHn.e.ass;ac.J^^^^ 

rriry::,ri:r'^^ ---^^^ 

sequenced pap JaXrc'T ^ " '° ^ ^ "'^ 

analvsas of . ° Conib,nal,on of Ihe resulte ganeralad by MS and MS" 

rra:rrsrji~^ 
.e.::ra::;:r^^^^^^^^^^ 

peptides in a nmto.n . samples, to the relative quantitation of the 

::sj::r;rb:trr=^^ 
«~d:rorrzrc:r^^^^^^^ 

homoserine lactones ' 9^°"P^ '^^^ vwth 
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The approach employed herein for quanitative proteome analysis is based on two 
principles. First, a short sequence of contiguous amino acids from a protein (5-25 residues) 
contains sufficient information to uniquely identify that protein. Protein identification by MS" 
is accomplished by correlating the sequence information contained in the CID mass 
spectrum with sequence databases, using sophisticated computer searching algorithms 
(Eng. J. et al. (1994): Mann. M. et al. (1994); Qin. J. et al. (1997); Clauser. K.R. etal. (1995)). 
Second, pairs of identical peptides tagged with the light and heavy affinity tagged reagents, 
respectively, (or in analysis of more than two samples, sets of identical tagged peptides in 
which each set member is differentially isotopically labeled) are chemically identical and 
therefore serve as mutual intemal standards for accurate quantitation. The MS 
measurement readily differentiates between peptides originating from different samples, 
representing for example different ceil states, because of the difference between isotopically 
distinct reagents attached to the peptides. The ratios between the intensities of the differing 
weight components of these pairs or sets of peaks provide an accurate measure of the 
relative abundance of the peptides (and hence the proteins) in the original cell pools because 
the MS intensity response to a given peptide is independent of the isotopic composition of 
the reagents (De Leenheer. A.P. et al (1992). The use of isotopically labeled intemal 
standards is standard practice in quantitative mass spectrometry and has been exploited to 
great adyantage in. for example, the precise quantitation of drugs and metabolites in bodily 
fluids (De Leenheer, A.P. et al. (1992). 

In another illustration of the method, two mixtures consisting of the same six proteins 
at known, but different, concentrations were prepared and analyzed. The protein mixtures 
were labeled, combined and treated as schematically illustrated in Scheme 1. The isolated, 
tagged peptides were quantified and sequenced in a single combined jjLC-MS and pLC-MS" 
experiment on an ESI ion trap mass spectrometer. All six proteins were unambiguously 
identified and accurately quantified (Table 2). Multiple tagged peptides were encountered for 
each protein. The differences between the observed and expected quantities for the six 
proteins ranged between 2 and 12%. 

The process is further illustrated for a single peptide pair in Figs. 3A-C. A single scan 
of the mass spectrometer operated in MS mode is shown in Fig. 3A. Four pairs of peptide 
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r H °""*'"''"^°'»'"™-^--^-™to9rapNceM,on gradient 
man ,200 uch scans we« a.U»na«ca,ly receded. Fig. 3B shows an expaL view Z 

™ss spach,m a™„d ,he Ion pair With ..ios Of 993.8 and 977 7 respecSvelvT 

dtr T ' °' -n«es r : t at. o, 

dcobly oharsed affinity tagged peptides of identical sequence ,.ass difference o,eW. al 

c^s..o,^,F.,3CsHo...ereconst™ctedio„c.ro™.o,a.s,o 
rr^J <,ua„w,es were determined by integraling the contour of the ^specBve 

peaks. T„e ratto (,ight*eavy) was determined as 0.54 (Table „. The peaKs in «,e 
^stru^ed .n chromatograms appear serrated because in L second Che n«ss 
P^trcmetersw^ched between the MS and the MS" modes to c^lec, sequence l„IZ„ 
(CID mass spectnim) of a selected peptide ion These nn . '^•""•"'^ 
P™«,^mwh,chthetaggedpepJo.g,..e:t.:rs:~^^ 
-corded from .he pep«de with m^ = 998 (marKed with an ar™ i„ aTHlbase 
se r^ng w«h mis ao spec^um «e„«« ^ p,,„,„ ,3 giyee^ldehydJaZphat 
dehydrogenase (Fig. 4B, whid, was a mender of the protein mixture. 

cr^'^'T"""' '^""'^ o'*^ -^"^ are apparent. Firs,, at least two 
P^e add*„nal powerful constra^, u. database searching (Sechi. S. et al. 

peptides .0 44 .ryp.,cpepUdescon.ai„i„g at leas, one cys.einy, residue. Foum, mLotUe 
-Ple3e,u.ed,,omtheav«.affl„ityco,umnared,rec„yJpa„.ew«,an^^^^^^^ 
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Quantitative analysis of protein expression in different c li states 

The protein reactive affinity reagent strategy was applied to study differences in 
steady-state protein expression in the yeast. S. cerevisiae, in two non-glucose repressed 
states (Table 3). Cells were harvested from yeast growing in log-phase utilizing either 2% 
galactose or 2% ethanol as the carbon source. One-hundred pg of soluble yeast protein 
from each cell state were labeled independently with the isotopicaily different affinity tagged 
reagents. The labeled samples were combined and subjected to the strategy described in 
Fig. 1 . One fiftieth (the equivalent of approximately 2 pg of protein from each cell state) of 
the sample was analyzed. 

Glucose repression causes large numbers of proteins with metabolic functions 
significant to growth on other carbon sources to be minimally expressed (Ronne, H. (1995; 
Hodges, P.E. et al. (1999)). Growth on galactose or ethanol with no glucose present results 
in the expression of glucose repressed genes. Table 3 presents a selection of 34 yeast 
genes encountered in the analysis, but it contains every known glucose-repressed genes 
that was identified (Mann. M. et al. (1994). Each of these genes would have been minimally 
expressed in yeast grown on glucose. Genes specific to both growth on galactose (GAL1, 
GAL10) as well as growth on ethanol (ADH2. ACH1) were detected and quantitated. 

The quantitative nature of the method is apparent in the ability to accurately measure 
small changes in relative protein levels. Evidence of the accuracy of the measurements can 
be seen by the excellent agreement found by examining ratios for proteins for which multiple 
peptides were quantified. For example, the five peptides found from PCK1 had a mean ratio 
±95% confidence intervals of 1.57±0.15. and the percent enx)r was <10%. In addition, the 
observed changes fit the expected changes from the literature (Ronne. H. 1995; Hodges. 
P.E. et al. (1999)). Finally, the observed changes are in agreement with the changes in 
staining intensity for these same proteins examined after two-dimensional gel electrophoresis 
(data not shown). 

The alcohol dehydrogenase family of isozymes in yeast facilitates growth on either 
hexose sugars (ADH1) and ethanol (ADH2). The gene ADH2 encodes an enzyme that is 
both glucose- and galactose-repressed and permits a yeast cell to grow entirely on ethanol 



22 



wvr vu/i lAUO 

PCT/US99/1941S 

sugar. ADH1 pertbans the averse reaction converting acetatdehyde into etl,ano, The 
re^lata o, these isozymes is key to carbon utilization in yeas, (Ronne. H. (,995). The 
ab*,y to acou«,e.y ™,su. differences in gene expression across ,an,i,ies o, 
so,^ mes difficu^ using cDNA array ted^nigues because of cross hybndizaUon (DeZ JL 
e. a. ,,997,,. The n^thod ofthis invention appiie. as i„us..ted in Pig.1 succee!^" 
measunng gene «<pressio„ for each isozyme even though ADH, and ADH2 share 93% 
am™ acW (m nucleotide, sequence similarity. This «as because the afBnity tagged 
peplKles (rom each feozyme differed by a single an.no add residue (valine to th Ji„e) 
whK* sh«ed the retenaon Ume by more than 2 min and the mass by 2 daltons for the ADH2 

pe^«,r..aB, A0H1 was expressed atapproximately^-foldhi; levels wl'Z 
was me carton source compared with ethanol. Ethanoi-induction of ADH2 expression 
resulted ,n more than 200-,bld increases competed with galadoseHnductlon. 

The results described above illustrate that the method of this inventton p.«ides 
anavsfe of p^tein mixtures and the identiflcatlon of the p,«eln components 
therein in a single, automated operation. 



ITte meftod as appBed using a sul,hydo,l reactive ..agent significanUy educes the 
"^e».y Of *e peptwe mixtures because afSnity tagged cysteine^ntaining peptides .re 

rotated. Forexample, a theore^ca, t^ptic d^est of the en„re yea!tp:teome 
^3 prn^™, p^, 344,855 pept«es. but only 30.619 of these pepUdes contain a 

^nca^ are stn, achieved. The chemical reaction in o, the suifhydty, reagent with 
, ~ °' '^'^ -"^'^ <S°S). salts and 

oftheMLC^SsystemtsdependentofthesampMuality. In partfcular, commonly used 
p™^B,n solubtelng agents are poody compatible or incompatible with MS. AfHnity purification 
of the tagged pephdes completety elimina.es contaminants incompatible with MS The 
guant«on and identlficaUon of low abundance proteins by conventional methods requires 
.-ge amounts (milligrams, of starting protein lysate and involves some type ofenrichmen, for 
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these low abundance proteins. Assays described above, start with about 100 \ig of protein 
and used no fractionation techniques. Of this, approximately 1/50 of the protein was 
analyzed in a single pLC-MS" experiment. This system has a limit of detection of 10-20 fmol 
per peptide (Gygi. S.P. et al. (1999)). For this reason, in the assays described which employ 
|jLC-MS"only abundant proteins are detected. However, the methods of this invention are 
compatible with any biochemical. Immunological or cell biological fractionation methods that 
reduce the mixture complexity and enrich for proteins of low abundance while quantitation is 
maintained. This method can be redundant in both quantitation and identification if multiple 
cysteines are detected. There is a dynamic range associated with the ability of the method 
to quantitate differences in expression levels of affinity tagged peptides which is dependent 
on both the intensity of the peaks corresponding the peptide pair (or set) and the overall 
mixture complexity. In addition, this dynamic range will be different for each type of mass 
spectrometer used. The ion trap was employed in assays described herein because of Its 
ability to collect impressive amounts of sequencing infomiation (thousands of proteins can 
potentially be identified) in a data-dependent fashion even though It offers a more limited 
dynamic quantitation range. The dynamic range of the ion trap (based on signal-to-noise 
ratios) varied depending on the signal intensity of the peptide pair and complexity of the 
mixture, but differences of up to 100-fbld were generally detectable and even larger 
differences could be determined for more abundant peptides. In addittan, protein expression 
level changes of more than 1 00.200.fold still identify those proteins as major potential 
contributors to the phenotypic differences between the two original cell states. The method 
can be extended to include reactivity toward other functional groups. A small percentage of 
proteins (8% for S. cerevisiae) contain no cysteinyl residues and are therefore missed by 
analysis using reagents with sulfhydryl group specificity (i.e..thiol group specificity). Affinity 
tagged reagents with specificfties toward functional groups other than sulfhydryl groups will 
also make cysteine-free proteins susceptible to analysis. 

The mettiods of tfiis invention can be applied to analysis of low abundance proteins 
and classes of proteins with particular physico-chemical properties including poor solubility, 
large or small size and extreme p/ values. 
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The protoWcal applicaUon of .he chemist^ and mett,od ,s »,e e..ab,ishmen. of 
q—e piffles Of complex protein sample, and ulUmably ,o.a, lysates of cells and 
tesoes fo«o„,„g fte prefe^d method desCbed above. In addldon .he .^asente and 
meftods Of .hfe inveuoh have applications which go beyond «,e determlnaUon of pn«ei„ 
expressKin profiles. Such applications include the following: 

H sullhyd,yl-,eac.Ve. differentially isotoplcally labe(«f 

a«n^ tagged reagents for *e ,uan«tat^e analysis of proteins in immuno pLpIteT 
complexes. In me preferred version of this technique protein complexes from Jls 
^r-n-ng different states (e.g., different states of aCh,ation. different disease states 

anybody. The protons in the precipteted complex are «,en deriva.^ and analyzed as 

/PP'i<=^"°fan.ino.reac.ive.differenUallyisotopicallylabeledaffinilyta9gedro^^ 
ta^ete^ne the sites of Induced protein phosphorylation. In a prefened veLn „f tfT 
^ punfled proteins (e.g., immunoprecipitated from cells under different stimulatory 
a»d*one, aro ftagmented and dehvatized as described above. Phosphopeptides are 
^em,Bed ^ «,e resulting pepMe mature by fragmentaUon in the ion source ofthe ESI^S 
"2-' ^eirrelatlve abundances are detem,.ed by oompaHng the i^ s^na, 
-^s*es o, the expenmenta, sample with ttte intensity of an induded, isotopically bbeted 

■^^'^7*':'^^^'''°'°^^''' '^^^'^^ ^''"'^^^ -Sents aro used to 
«he M,em,na. „n seHes in MS" spec,., m a preferred ve^ion of this application the 
pepbdes to be analyzed are derfvatized with a 50:50 mixture of an isotopically light and 
reagent which is specific for amino groups. F^gmentat^n o, the eptiles by cTo 

det™tl 1? '^"'^'^ ™^ =P^'-.ion d^maticaliy reduces thedifficuHy in 
detenn»»,g the ammo aad sequence of the dehvatized peptide. 
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Quantitative Analysis of Surface Proteins in Cells and Tissu 

The cell exterior membrane and its associated proteins (cell surface proteins) 
participate in sensing extemal signals and responding to environmental cues. Changes in 
the abundance of cell surface proteins can reflect a specific cellular state or the ability of a 
cell tp respond to its changing environment. Thus, the comprehensive, quantitative 
characterization of the protein components of the cell surface can identify maricer proteins or 
constellations of marker proteins characteristic for a particular cellular state, or explain the 
molecular basis for cellular responses to extemal stimuli. Indeed, changes in expression of a 
number of cell surface receptors such as Her2/neu. erbB. IGFI receptor, and EGF receptor 
have been implicated in carcinogenesis and a cun-ent immunological therapeutic approach 
for breast cancer is based on the infusion of an antibody (Herceptin. Genentech. Palo Alto. 
CA) that specifically recognizes Her2/neu receptor. 

Cell surface proteins are also experimentally accessible. Diagnostic assays for cell 
classification and preparative isolation of specific cells by methods such as cell sorting or 
panning are based on cell surface proteins. Thus, differential analysis of cell surface 
proteins between nomial and diseased (e.g.. cancer) cells can identify important diagnostic 
or therapeutic targets. While the importance of cell surface proteins for diagnosis and 
therapy of cancer has been recognized, membrane proteins have been difficult to analyze. 
Due to their generally poor solubility they tend to be under-represented in standard 2D gel 
electrophoresis pattems and attempts to adapt 20 electrophoresis conditions to the 
separation of membrane proteins have met limited success. The method of this invention 
can overcome the limitations inherent in the traditional techniques. 

The analysis of membrane proteins is challenging because they generally are difficult 
to maintain in solution under conditions that are compatible with high sensitivity analytical 
instnjments such as mass spectrometers. The application of the methods of the present 
invention to the analysis of membrane proteins is exemplifed using human T cell lymphoma 
cell line Jurkat for membrane protein labeling and extraction and the well characterized 
human prostate epithelial cell line P69SV40T and two P69SV40T sublines which differ in 
IGF-1 receptor expression by factor of 10 to exemplify quantitative, differential analysis of 
membrane proteins. 
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Jurtcat ceHs are an appropriate modal system becauso the cells are easy to grow in 
13,96 numbers and because *e n«dula«o„ of ce» surface p^teins in response to L„n, 
sbmul, and experimental conditions ttas been well cliaractenzed in T lymphocytes 
Connnte^liy ava.ab,e bio«n^ating reagents or more generally affinity tagging reagents a« 
emptoyed to dem-attze lysine residues and the free N-termini. Water soluble blotin^a«„g 
^enu such as SuKo^HS (N-hydroxy succinimide, biotin and analogs (Sulfosucdnim^y, 
6Kb«t,nam«io>hexanoate. Pierce. RockfonJ, ,L) which have been used extensively for 
labeling cell surface proteins can be employed.. The reaction of NHS esters ,«h pnman, 
am.nes « best at neutral pH values and above and is compaUble with the presence of 
c^an. soh,ent such as DMSO or DMF. Biotinylation of cell surface piotolns ftom the Jurka, 
cells ,s can^d out in PBS buffer at pH 7.2. Cells „ x 10') a,^ washed with PBS bulferto 
ren»ve contaminating sen,m and other proteins from the culture mediun,. The cells a™ 
^suspended a, 25 x 10' cell/ml and reacted with 0.5 mg/ml of Sulfo^HS^ ioan (Pieo» 
RocWbrd. >L) for 30 min at RT. The labeled cells are washed twice with cold PBS to «move 
un^«ed bio«nyla«„g reagent. Biotinylated celis are solubilized at 5 x ,0' c=«s,n- in lysls 

d^e t T'"° I '"''^'^ "-^'^ " -^'-P'-'n.ng L 

^ent Phase and aqueous phase at 30X. Following the phase pa,«tioning. dete-sent 

has p^v^usly been successfully used to enrich eel, membrane. Also, this technique J 

™ mM ammon™ bicari=onate buffer, pH 8.5, and high-purity, modified po,*e*yps», 
.3 added to digest the pr^eins at a concentration o, ,2.5 ng/ml for overnight at 37-C 

.s neutralized by the addiUon of a cocktail o, serine protease inhibitors and tryptic 
^ptKles a„ .seated by the a«din afHnity ch^matography techniques. Buted peptTs ^ 

uToT ' ^ ™"'°'' "'"""^ ~ ■Abases, 

using Ibr example, the Sequest program. 

T anHn'^t'T" "'"^""^ "''"^'"^ ""^'^ •nmmailz^ with SV 40 

r "^"^ ■ ™= ^' "™ and 
e;^^sses type 1 .nsulin like growth factor receptor (IGP.,R) a. 2 x ,0' receptors per cell A 

nude n.ce . Th« cell line is highly tumorigenic and metastatic and exp^sses 1.1 x 10> IGF- 
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1R per cell. The relative difference in the abundance of IGF-1 R in the cell lines P69SV40T 
and M12 can be quantitatively determined using methods of this invention adapted for 
application to membrane proteins. Since the number of IGF-1 R for these cell lines has 
already been determined, this well characterized system can provide a reference to validate 
the efficiency of the quantitative methods of this invention 

P69SV40T cells ( 1 x 10^) are biotinylated with an isotopically heavy biotin tagged 
amino reactive reagent and the M12 cells (1 x 10^) are biotinylated with a corresponding 
isotopically light amine reactive biotin tagged amino reactive reagent. IGF-1 R is then 
immunoprecipitated from the combined lysate of both cell lines using an antibody against 
human IGF-1 R and the total mass of immunoprecipitated proteins is digested with trypsin. 
Trypsin is then neutralized, e.g.. by the addition of inhibitors and tagged peptides are purified 
by biotin-avidin affinity chromatography. The eluted peptides are analyzed by LC-MS and 
LC-MS" for peptide quantitation and identification, respectively, as has been described 
above. Quantitation in this experiment Is facilitated by the option to use selective ion 
monitoring in the MS. In this mode only the masses of tagged peptide ions expected to 
derive from IGF-1 R need be monitored. 

The described technique can be applied to compare the differences in relative 
abundance of cell surface proteins between parental prostate cell line (P69SV40T) and Ml 2 
cells to detect and identify those cell surface proteins whose expression level is different in 
the two cell lines and which may be characteristic of the different ceil states. Using the 
methods described herein global, relative quantitation of the cell surface proteins in any two 
or more cell lines can be analyzed to detect and identify those cell surface proteins 
characteristic of the different ceil states. Results can be independent confirmed using 
procedure such as 1 D or 2D gels, if applicable, or quantitative westem blotting to confirm 
quantitation results. 



It is expected that the experimental variability of quantitation of cell surface proteins 
will will be onsiderably better than the accuracy of quantitation achieved by currently 
available cDNA array technology. In addition to relative protein quantity and identity, the 
method can also be used to reveal the orientation of the protein in the membrane, based on 
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«» presumpuon that intact, alive cells wa, exclude the t*tinyte.,ng reagent 

—^"-'^odscanbeappliedtoenhancetheselecSvityfor.aggedpepSdes 
denied »on, ce« surfece p^teins. For example, tagged sudace can T 

^,n.ed di^c, on the intact ce„s to generate tagged pep^ea, arlZjed as 

dossed. „ addKion. tradiUonal cell „e.h,3„e preparations he used as a 
to enncH cel, suKace proteins. These methods can inCude gen,e ce« ^sis a CT 
homogen^er and series ofdensKy gradten. cent*ga«o„s .o isolate Jn^ran^ p^^s 
pnor to proteolysis.. This n«,hod can provide h^hl, endched prepara.^ „,^,tL 
Me.s. A«n,ty tagged proteins n,ay also he isolated hy aMnlty cH™„«.og.phy ^ 
^^tys-s as well as atter proteolysis. This ch.„.,og.phy can he perfonjin L 
P^sence ofsurfactants such as TX-IOO. NP^O or Tween.20 to ™intai„ p„,ei„ sotubitity 
™e seouential applteat^n o, affinity ch™n,atography steps (one fcr «,e JL ^^2' 
o™ <^r«,e tagged peptide ,.gn«n.s) provides a high degree o,se,ec«vi.y. l^ese 
altremawe methods are easily scalable for the detecUon of lo» abur^ance n«nbrana 
^".s a™, the telat^e ,uan«y of tagged peptides tagged . n«„.a^ 
selective ennchment Steps. 

taoo J" °' '^'^^ °' '"-nta to cell surface pmteins. once .he 

ge^rr " '"^ '^^ "° *e PeP«des 

generated from more soluble samples. h h es 



this Inv r ""^'"^ """"^ •^^'^ "'^'"'^ '<>■• In the tnethods of 

employed ,n synthes« of the non^eute^ated and deule«,ad teagents. . 

biotin ^^*'^°^«'^-«>"-^.'.^» .-atridecanediamlne 4 (Scheme 3, consist of a 
-topes and a «doacetam«y, group, respectively. The biotln group is used lor afBnity 
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enrichment of peptides derivatized with the reagent, the ethylene glycol linker is differentially 
isotopically labeled for mass spectral analysis and the iodoacetamidyl group provides 
specificity of the reagent for sulfhydryl-containing peptides. The reagent an be synthesized 
in an all hydrogen form (isotopically light form) with and with 1-20. and preferably 4-8 
deuterium atoms in the linker (isotopically heavy forms). 

Analysis of Velocities of Multiple Enzymes in Cell Lysates 

Monitoring enzyme functions by t)iochemical assays is an essential diagnostic tool 
that employs a mulUtude of analytical techniques including spectrophotometric. fluorometric. 
and radiometric detection of products. However, current methods are difficult to use for 
assaying several enzymes simultaneously in a single sample. Mass spectrometry for 
quantification of a collection of metabolites in biological fluids has emerged as a poweiful 
approach for the analysis of birth defects (Morris et al.. 1994). but this analytical technique 
has not been developed for the direct analysis of rates of individual enzymatic steps. The 
analytical method described herein for monitoring and quantification of enzymatic activiUes in 
cell homogenates and other biological samples permits simultaneous (multiplex) monitoring 
of multiple reactions, and can be readily automated. 

A feature of the method of this invention as applied to enzyme assays is the use of 
electrospray ionization mass spectrometry (ESI-MS) (Cole et al.. 1997) for the simultaneous 
detection of enzymatic products and chemically identical internal standards, which are 
distinguished by stable isotope (deuterium) labeling. A second feature is the use of affinity 
tagged reagents containing an enzyme substrate which when combined with affinity 
purification provide for facile capture of enzymatic products from crude biological fluids. The 
affinity tagged reagents are designed to contain a target substrate for an enzyme of interest 
that is covalently attached to an affinity tag via a linker. Action of the enzyme of interest on 
the substrate conjugate causes cleavage or other modification that changes its molecular 
mass (Scheme 4). The change of mass is detected by ESI-MS. The linker and and affinity 
tag used preferably facilitate ionization by ESI. block action of other enzymes in tiie 
biological fluid, and allow highly selective capture from the complex matrix for fadle 
purification. 
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An example of ftis approach is the design and synthesis of affinity tagged enzyme 
s^ate reageants 1 and a (Scheme 5) to sim„,te„aous,y assay iyscsomall^ala^ase 

and ^^«e.y..,.D^,ucosa„.•„idase. respective,, De^c^ncy Of the fom^reZetTl^^^ 
one Of .he lysosomal storage diseases. GM,-gang,iosidosis, a condition that IITJ^ 
populate with a frequency of about , in 50.000 and leads to early death of affected 
ZZTT"^ of N-acetyl-R-D^lucosamlnldase result in the rare lysoscma. storage 
d^^e Sanfflrppo syndrome type B. This example has been descrtbed in Gerbe^e.^. 

"^^"°^-"<» Which islnoxporated by refe^ncehe^KIn 

Conjugates 1 and 2 consist of biotin as an affinity tag, which is coupled to sa™>si„e 
B„bn ai^ h^hly spe^fic capture of the subst^te coniugate though noLv^entZng 

U^callutar flurds and couW cause cleavage of the conjugate molecule during the assay 
0««.ure. al.. ,ggr,. ,„ addi»on. it was found that bMn,-sarcosi„e con Jes cant 

f^m streptavidin by add*„ of b,o«n. The N-b^tinylsarc.™ blocK Is linked to a 
P^ dramme, the length of which can be vaned to avoid mass/charge ove,U,ps of 
praducts and internal standards. The linker also allows facile introduction of mu«ple 

^CaZ ' ' ' =' "> --"^ ^"^^ Of 

^IZT:- ~ '^"'"^ °OCH2CH20CH2CH20D w«h 

T. tJu//. C/iem. Soc, Jpn. 1988. 61 2443-P4'imar,rim« u- ... . 

Hio«,i„ -^ur, and the resulting dinitrile was reduced to the 

ocucNm CH3CN and catalytic NaOH. 

1.1 addition, the linker Is hydrophilic to ensure good water solubility of the substrate 
s^^^^^r; "? ~ ^Sl and thus ensl 

to .hC2 r? "'"^ - ^-^^^^ 

an 4 .^rr "-^^^ ' - (S*eme 5). The enzymatte product conjugates 3 

All reagents were punfied to homogeneity by reverse-phase HPLC and characterteed by 
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high-field 1 H NMR and ESI-MS. The substrate was linked to the diamine spacer by Michael 
addition of the latter onto the p-acryloylamidophenyl glycoside, (Romanowskaet al.. 1994) 
and the intermediate was coupled with the tetrafluorophenyi ester of N-biotinylsarcoslne 
(Wilbur etal., 1997). 

The ESI-MS assay of P-galactosidase and N-acetyl-R-D-glucosaminidase is based on 
enzymatic cleavage of the giycosidic bond to release monosaccharide and conjugates 3 and 
4 (mass differences are 162 and 203 Da. respectively). In a typical procedure. 0.2 mM 1 and 
0.3 mM 2 were incubated with sonicated cultured fibroblasts from individual patients with P- 
galactosidase deficiency and with fibroblasts cultured from unaffected people. After 
incubation, labeled internal standards 5 and 6 were added, and the biotinylated components 
were captured on streptavidin-agarose beads. Quantitative strepavldin capture efficiency 
from a cell homogenate was observed with model reagents. After purification by multiple 
washings to remove nonspecifically bound components, the biotinylated products were 
released by free biotin. and the eluant was analyzed by ESI-MS. About 85% release of the 
biotinylated products was obseived after incubation with excess biotin for 90 min. A blank 
was obtained by quenching the assay with all components present at time zero. 

A typical procedure, cell protein (75 \ig) in 1 5 pL of water was added to 15 pL buffer 
(0.1 M Na citrate. pH 4.25) containing 2 (0.3 mM) and 1 (0.2 mM, added 5 h after addition of 
cell protein). After incubation for 5.5 h at 37 'C. the reaction was quenched by addition of 
200 pL of 0.2 M glycine carbonate buffer. pH 10.3. and 5 and 6 (1 nmol each) were added. 
After centrifugatlon to remove cell debris, the supernatant was loaded onto a bed of 
streptavidin-agarose (7 nmol biotin binding capacity. Pierce) in a small filtration device (micro 
BioSpin. Bio-Rad). After 5 min. filtration was effected by centrifugatlon. and the gel bed was 
washed with 0. 1 % Triton X-100 ( about 1 min incubation, then spin) and then six times with 
purified water (Milli-Q. Millipore). Elution was carried out in 25 pL of 50% methanol containing 
56 nmol of free biotin (1-10 h incubation, then spin). Filtrate was diluted 4-fold with 50% 
methanol/water, and 1 pL was analyzed by ESI-MS. 

The ESI-MS spectrum of the blank (Figure XA) is remarkably simple, showing peaks of 
the (M + H)^ions from reagents 1 and 2 (m/z 843 and 840), internal standards 5 and 6 (m/z 
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689 a«, 641). and .race amounts of product. 3 and 4 ^nVz 68, and 637) Ions due to 
dusters «ot,„ a,so appear in tt,e speCrun, .ut did no. interfere w«h ^ 1 
^ence o, „o„deu.era.ed produce in t.e t=,an. ™, ^ due to nonenz^nat^ut^^^ 
reagen, h^ro„s,s duHng san^ie wo,,, up or .o collision-induced dissj,„„ », 
»n„.^«asp.aseAMS«spec.™„„.,,e<^^^^^^^^ 

P«.m.nen„ragn,en,o.(coniuga.e3.Hra.n.^68, (specn^m sh»«n) TheES^s 

!:^r";;?r"*""" v'o-^-.r^dasepr.r^ 

m^6 7 F«„re XB). Tr,p,ica.e en.yn«.c reaCions using ce»s «^ a heaHhy pa«e„. yie«ed 
a ^a^CosKlase speciflc ac«vi.v o.5, . 3 n™,/h/,n,g c^i and an Ze^JT^ 

specific aCUvi^ of ,.4 1 0.3 nmo^/n,g. ^ 

Z^TT T " '° ^« ^ -""'HS <or p^a^cos^ase and 0.9 . 
f . Wdasa. ■„ co^rast very «e 

^ucTn^Td * P-g3>ac.os«ase defldency „e« used, .^ereas N^.. 

^ 0.75 Mg Of c» pro.ei„. corresponding .o - ,000 tibioblasts. Thus tt» ES,.,,S method 
has very high sensiUvi.y for biomedical appllcatons. """'^ 

M scan'n!^! ZTl""' " ' Oata were collected », 

^ned liom the raUo o, pioduc to in.ema, standee io„ peak areas (avenged over 30 

can be^IT? TT"' ^'"^ ^"^"^ '^'^ ^ ESl^S 

e^^LT ; """""'^ '"'"'^"^ ^'^^""^ .oa-ydozensormore 
en^s sinrnllaneously ,n a single reacion. obvia.ing .be need for muHiple assays to assist 

«~nfinn.„g diagnoses Of rarediso^e.. The method can be used to measurellr 
enz^es simultaneously when svalua^ng the rate of chemical flux thiough a sp^ 

complex mixtures ,s technically simple and can be readUy automated, particular when bio«n. 
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strepavidin is employed. Because of the high sensitivity of the ESI-MS detection employed, 
which requires only sub-microgram quantities of the substrate reagents per assay, the 
synthesis of several hundred substrate reagents on a low-gram scale becomes practical and 
economical. Since most enzyme active sites are exposed to solvent, it is possible to attach 
an affinity tagged linker to most enzyme substrates while presen/ing enzymatic activity. 
Scheme 6 provides the stmctures of several additional enzyme substrates, suitable for use In 
this method, indicating by anows allowable positions for tag attachment sites. Allowable tag 
sites for additional enzyme substrates can be detennined by review of X-ray crystal 
structures of enzyme-substrate or enzyme-substrate analog structures. Using a standard 
computer graphics program . available X-ray data and by attaching an extended chain butyl 
group (as a model for the affinity tagged linker) to potential tag attachment sites, suitable 
attachment sites that show there are no enzyme-atoms in van der Waals overiap with tiie 
model tag can be predicted. 



Analogous mettiods to those described above can be applied to the analysis of 
enzymes associated witfi other Sanfillipo Syndromes (A. C and D). SFA is associated with 
heparan sulfamidase. SFC is associated with acetyl-CoA-alpha-glucosaminide N- 
acetyltransferase and SFD is associated witti N-acetylglucosamine 6-sulfatase. Exemplary 
affinity tagged enzyme substrate reagents useful in the analysis of these enzymes and Uie 
diagnosis of these disorders are provided below. The methods can also be applied of ttie 
diagnosis of Niemann-Pick Type A and B disease by assaying for acid sphingomyelinase 
and to the diagnosis of Krabbe disease by assaying for galactocerebroside beta- 
glacatosidase. These enzymes are currently assayed employing fluorphore-derivatived . 
reagents as indicated in Scheme 7. Enzyme substrate reagents for assay of these enzymes 
in ttie mettiods herein can be readily prepared by replacement of the fluorophore with an A-L 
group herein. This approach to preparation of affinity tagged enzyme substrates is generally 
applicable to any known fluorophore -derivatized enzyme subtrate or substrate analog. 

Table 4 provides exemplary enzymes that are associates with certain birth defects or 
disease states. These enzymes can be assayed by the methods described herein. 
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/^«^ng Bnryn^ P3,hW3ys fo, Carbohyd„.e.D.„cien. G,ycpro..,n Sy„d«,„, , 

^'^"''^ Of .his inventa can be employed U> ,uart«y me vetooiUea 

of multple enzymes pertinent to diagnosis of COGS diseases. «»«ocmes 

'=°°SType,aand.barecausedby.l,ede«cencyorabsenceofthe enz«nes 
Phcsphomanno,somerase ,PM.b, (Type lb) and phosphomannomutase (PMM2, ^ype la) 
w^.ch are part o, a .ultistep pa.»ay (Scheme 8) for c»nvers^„ of g,„l, ^ 
P^ospha e , reeze, 1998). The monosaoobartde substrates invCved in the patH.^ 
.n,c.ose*p,„spHa,e. man„ose.6-pbospha,e. a™, mannose-l-pbosphate. Le 
monosacchandes can be somewhat difficult to convert ,o substrate oonjugates because itis 
^ a p,.n .ear Which atom on the sugarshou« be conjugated with the LerwJT 
™pa.nng enzyme acUvity. PMIb and PM.,2 can. however, be assayed indi^tly: 
Mamma,«n ce» microsomes contain do,ichol-P-mannose synthase which catal>Ls the 

,re:eTr°~"*°°'-™"'^'°'-"'^~--^^^ 

(Scheme 8, Chapman e, al. ,980). This synthase can be assayed ushg the methods of this 
^ n.o. speoi«ca„y with a bioWn.er substr^e. M^ia, PMM andL eozymT^r 
makes GDP-mannose from GTP and man„ose-,-P. GDP-manr.ose pyn>phos,ly.asl^,« 
^ad„y punned from bactena an. yeast (Gtaser. ,968, P..s. ,966), L the^ 

™nno e-6.P w«l be made when the reac«on sequance is started by addition o, fructose^^ 
W^out mannose.6-P. mannose.,.P and GDP-mannose ..,1 no. be made, and thTsT^ 
coniugated-dCichol-P-mannose „i„ be detected by ESI^S. Exogenous GTP is slp^d as 
ZnreT: P^P'-sPhor^^se stap, and ATP is cm Jso^ 

il ed wth ~' "'^ ^^"ence is 

initiated wrth mannose-6-P anH pmmo • M"^i»^c lo 

dotichol-P-mannose ^"'^ '^^ 



manyenzv,^'!'?'"'"''"'"''" Evidence is accumulating «,at 

carbohvdr.,. r ! ' " ^ton *e water-soluble 

carbohydrate person of the dd^o, conjugate and thus have IHtieor no re^uiremen. ,o bind 
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the dolichol anchor. Based on this, an affinity labeled substrate for the direct assay of 
dolichol-P-mannose synthase and the indirect assay of PMIb and PMM2 Is prepared by 
attaching an affinity labeled linker to the non-polar end of a short dolichol. such as the 10- 
carbon dolichol analog citronellol. 

The synthesis of a bioUnylated dolichol,o-substrate conjugate containing a sarcosinyl 
linker (B-S-Dol,0-P) is shown in Scheme 9. Protected citronellol (R = /-BuSIMcj) is 
regioselecUvely oxidized at the terminal alyllic methyl group (McMurry and Kocovsky. 1984). 
and the allylic alcohol is coupled with biotinylsarcoslne active ester (R = CH3). The citronellol 
1 -hydroxy group is subsequenUy deprotected and phosphorylated with POCI3 (Rush and 
Wachter. 1995). In a parallel synthesis, dg-sarcosine. CDjNHCDjCOOH. is used to prepare 
the isotopically labelled (heavy) reagent for use as an internal standard, dj- Sarcosine is 
readily prepares fonn commerically available materials (BrCDjCOOD and CD3NH2) using 
standard synthetic techniques. 

The deuterated internal standard, B-ds-S-Dol^o-P-Mannose. is synthesized 
enzymatically by incubating hen oviduct microsomes with GDP-mannose and the synthetic 
B-d5-S-Dol,o-P substrate conjugate (Rush and Waechler. 1995). An added advantage of the 
B-S-conjugate is that it allows for a facile affinity purification of the microsomal mannosylated 
product by specific capture on agarose-streptavidin beads followed by eluflon with free biotin. 

This method employing affinity tagged short dolichol analogues is generally 
applicable for assaying other enzymes that operated on dolichol anchored carbohydrates. 
Such an approach is useful for the subsequent klentification of enzyme deficiencies present 
in other types of CDGS that have not been yet kJentified. 

CDGS Type II results from defective GlcNAc transferase II (GlcNAc-T II) which 
transfers GlcNAc from UDP-GlcNAc to the 2-position of a mannose residue in the 
intermediate branched oligosaccharide (the Core Region) in the process of building up the 
disialo-biantennary chain (Scheme 10) (Schachter. 1986. Brockhausen et al. 1989). GlcNAc 
transferase II is one of the six known enzymes that mediate highly reglospeclfic glycosylation 
of the mannose residues in the Core Region. The Core Region is anchored at the reducing 
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end to Chtebtosylasparagine. whe,a ,he asparagin. residue is part of the pep«de chain of 
tt» glycosylaled protein. Ti,e latter stmcture unit in ttie substrate can be replaced bya 
hydrophobic Chain without loss of enzyme activity (Kaur et al. 1991). Thus, the substrate 
conjugate for CDGS Type il is assembled by linking a affinitylabelled linker group to the 
reducng end to chitobiosylasparagine. However, the latter stntctura unit In the substrate can 
be replaced by a hydrophobic Chain without loss ofenryroeactivily (Kaur etal 1991) For 
e>rample, con,merclally available a-D-manno-pyranosylphenylisothiocyanatecan be coupled 
to a bK,tinMabelled linker and the S.e-hydroxyls are seiecUvely protected as illustrated in 
Scheme 11 (Paulsen and Meinjohanns. 1992). Coupling of the equatorial 3^H with per<3. 
acetylmannosyl-mrichloroacetamidate (Paulsen et al. 1993) wiB provide a disaccharida 
conjugate (SstemaJS ). i, a minor amount of coupling occurs at the axial 20H group the 
pnxtuas can be separated by HPLC. Alter deprotection. Ihe pdmary 6^H is «,up,ed with a 
second equivalent of per-O-acetylmannosyl-l 4rtchloroace,amidate to yieM the Core Regron 
conjugate. Deprotection of the O-acetyl groups yields the substrate conjugato tor GlcJ 
tran^erase 1 which can be converted to .he GlcNAcT ,1 substrate by enzymatic glycosyl 
transfer using a Triton X-IOO rabbit liver extract a roacUon that has been canted out on a 
preparative scale (Kaur et al. 1 981 ). 

The synthesis ofthe deuterium labeled dehvalive needed for the internal standart. is 
perfomwd ,n parallel by using a labeled PEG^lamine building block (Gert«et al, 1999) 
The b^nylated trtsacchahde is converted to the tet^sacchande (product of GlcNAcT 1.) by 

moibahon w«h UDP^fcNAc and transferase II ( (Kaur and Hindsgaul, ,991.Tan et a.. 1^) 
and ^ ^ ^ ^^^^^ 

COGS Type V 

IT-e lipidJinked oligosaccharide (LLO) that is transferred to the Asn rosidue ofthe 
g^^osylated protein Is composed of 2 GlcNAc. 9 mannoses. and 3 glucoses. It has recently 
been shown that microsomes from CDGS type V patients are greaUy deficient in the enzyme 
»|at transfers one or more glucose residues during LLO biosynthesis (Komer et al. 1998). 
Smce the transferase that attaches the carbohydrate unit of LLO to the Asn residue 
dj^m,nates against the glucose-deflcient LLO. COGS Type V parents have fewer nun*ers 
of cart>ohydrate units atached to glycoprotoins. such as transfemn (Komer et al. 1998) 
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However, the few carbohydrate units that are present are full-length, demonstrating that 
residual glucosyl transfer occurs in type V CDGS patients (Komer at al, .1998). Thus, 
quantification of the rate of Asn glycosylation by ESI-MS would constitute a viable assay of 
CDGS Type V syndrome. 

Synthetic peptides with 3-7 amino acid residues containing the Asn-Xaa-Ser/Thr 
sequence have been shown to be good substrates for glycosylation (Ronin at al., 1981). 
The strategy for the ESI-MS assay of the oligosaccharide transferase relies on a B-S 
conjugate of an appropriate peptide containing the Asn-Xaa-Ser/Thr sequence (Scheme 13) , 
A heptapeptide. NHj-Tyr-Gln-Ser-Asn-Ser-Thr-Met-NH, has shown high activity in a 
previous study (Ronin et al.=1981 ). The peptide is readily available by standard peptide 
synthesis using an in-house automatic synthesizer. The heptapeptide and its 
glycoconjugates can be ionized by ESI to provide stable singly-charged ions. Coupling of 
BS-tetrafluorophenyl ester with NH^-Tyr-Gln-Ser-Asn-Ser-Thr-Met-NH^ will directly yield the 
substrate for the transferase. Several products are expected from the enzymatic 
glycosylation and subsequent modifications of the oligosaccharide antenna. The products 
can be prepared enzymatically by incubating thyroid rough microsomes with BS-Tyr-Gln- 
Ser-Asn-Ser-Thr-Met-NHj and Dol-P-Glu (Ronin etal. 1981a). followed by affinity 
purification of the biotinylated products. Product distribution due to different degrees of 
glycosylation can be monitored by ESI-MS. and the major components can be purified by 
HPLC. An analogous procedure using a B-N(CD3)CD2CO- conjugate is used to prepare 
deuterated intemal standards. 



The molecular masses of the ionized substrate conjugates for the set of enzymes 
assayed for CDGS la, lb. II. and V syndromes, as well as products and intemal standards 
are compiled in Table 5. which shows that no isobaric overiaps among the (M + H)* species 
occur. The close spacing between the (M + Na)* ion from the Type la.b product and the (M + 
H)* ion of the demannosylated B-(N-C3D5)-2.2-D2-Gly-Dol,o-P intemal standard can be readily 
avoided by adjusting the ESI-MS conditions by addition of Na* ions to generate the gas 
phase ions as Na-adducts. 

All three of the targeted enzymes can be analyzed simultaneously in a single 
biological sample, such as a cell lysate. The PMM2 and PMIb cannot be assayed 
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*.u«a„eously because .hey require ,he addi,lon of differen. exogeneous substrates 
Neve,t(,eless. two assays using identical ESI-MS teCniques can be used IrT 

various COOS types instead c,re,.„g„„abatte,vo,dlrr;r ^™"^*^ 

Clinical Enzymology Assays 

^ P*' thawed on ice. Sufficient 0.9% Naa is added to oive a 

T""''^ "-'"^'^ W 100 ..CL,, and 

the cell pelte, ,s sonicated in ice water 5 times ,or2 seconds each at moderate 

^r^Tota. protein « determined spectropHotmetHcally using the BCA reagent 
(BCA Protein Assay Idt. Pierce). 

The total enzyme reaction volume is 20 Q 30 mcL. The substrate stock solution, 
are marntained a. concentraUons o,3mM <SFB) and 2mM (GM„. T,«^^^^ 

, concentraUbn of substrates is 0.3 and 0.2 mM, respectively A 

rzt^rTr ■ ""-^ --i to the dif.:i o, 

' "^^ ^-"'^ 'o equal 50 0 75mcg 

*om 20-30 mcL Is added to a 0.5 mL Eppendorf tube, follld by JbZ 

For SFB: The reacUon is allowed to oroceed fnr 4 
substrate K . P^°'^®®°'°'^'*-5u 6 hours, after which GM1 



SFB. 



FOTGM,: The reaction Is altowed to proceed for 0.5 hours. Quenching is as tor 



(1nmo,rr t""' ^'"^ °" ~^ - added 

15.000 rpm tbr 2 m. at ro^n temperature to pellet ce. debris. S.ep.av«l„ Agarose 
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beads (Immunopure immobilized streptavldin. Pierce) are placed in a micro bio-spin 
chromatography column (Bio-Rad). Sufficient beads are added to give a total biotin 
binding capacity of 5 nmol (typical binding capacity lOOpmol per mcL of beads as 
determined by Pierce). The sample supematant is transferred to the bio-spin tube and 
allowed to bind for 10 minutes at room temperature. The sample is spun at -3.000 rpm to 
remove excess supematant. then washed once with 0.01% Triton X-100 and at least five 
times with purified water, spinning the tube In-between to remove solution. For each 
wash, sufficient wash solution is added to fill the bio-spin tube. 

The purified beads afe then treated with 30 mcL purified water, followed by 10 
mcL of a 4mM biotin solution. The tubes are capped at the bottom to prevent leakage and 
allowed to incubate at 2-8*C for 2-12 hours. The samples are spun at -3,000 rpm to elute 
the sample into a clean Eppendorf tube. 

The sample is then diluted with 60 mcL of 50% methanolAvater and infused into 
the ion-trap mass spectrometer. The ESI-MS spectrum is tuned to reduce non-spedfic 
cleavage of the samples by first analyzing a blank sample (cell lysate added after reaction 
quench). The infused sample is analyzed by ion chromatogram integration of a lamu- 
wide window about the (M + H+)+ tons of product and Internal standard. 

Results are reported in nmol product fonned/hour of incubation/milligrams total 
protein in reaction mixtures 

Clinical Analysis of Patient Samples for GM1 and SFB 

Patient skin fibroblasts were obtained as frozen pellets, and stored at 020 deg C until 
use. Two GM1 affected samples and six nonnal controls were analyzed. 

50 mcL of 0.9% NaCI was added to each patient cell pellet. The pellets were 
lysed by sonication in ice water 5x for 2 seconds each at moderate sonication power, 
chilling the microtip in ice water in between sonications. 
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Samples were quantltated by BCA (Pierce) assay as follows: 

was „ * '""^ "^^ - ---bed. A protein s.3„da«l curve 

was prepared «ng bovine serum albumin as a slandard a. concenlratons Of 2 1 05 02 
and0.05n,g/mL.Apo,«onof«,epatlen, sonicates were diluted ,:,5i„ water andS ' ' ' 
mcL of each diWed paUen. sample and standa^ curve point was added to separate glass 

1 ml. of the mrxed BCA reagent, vortexed to mix. and incubated at 37 deg C for60 
m«.^. The samples were allowed to cod to mom temperature, and analyzed against a 
htenk containlng only 200 mcL water. The samples were analyzed by monitoring 
absorbance at 562nm in polyst^ne cuvettes. Avemge patient absort«nce values wete 
blank conected and compared to standards via linear regression. 

The patient protein concentrations were detenrtned to be: 
1.(A«rected) 12.2rog/mL. 2. (Nora,al) 10.8mg/mL. 3. (Nom«l) 11.9mg/mL 4 
15.7mg/ mL. 8. (Affected) 1 1 .4mg/ mL 

"t:' """"" '° Eppendorf tubes was the 

deference Of the substrate volume (3 mcL o, each substrate stock solution. 2mM for 
GM1 and 3mM for SFB, for a total of 6 m^) plus the volume ofceil lysate .equired to 
«»ua 75mcg total protein, fmm 30 mcL. For example, pa«en, ,. incubation mixture 
contained 3 mcL of SFB substrate solution, 6.14 mcL parent ceil lysate, and 
17.86 mcL rea«ion buffer. The GM, substrate was added later in the incubation (see 

on ic f * ''"^ ■ '^'■^ w-re kept 

on «e <^nng preparation, and the reaction was initiated by transfer to a 37 deg C water 

after an add,tK>nal 0.5 hou.. the reacUons were placed on ice and quenched with 200 mcL 
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of a 200mM glycine-carbonate buffer, pH 10.25. 

The purification and analysis procedures are as described in Clinical 
Enzymology Assay (Typical). 

The resultant enzyme activities, as an average standard deviation nmol 
product/hour incubation/mg total protein: 



B-Gal SFB 



Normals 


RATE 


+/-SD 


Rate 


+/-SD 


Patient 2 


68.0 


2.6 


0.90 


0.05 


Patient 3 


35.5 


3.9 


1.54 


0.38 


Patient 4 


51.1 


2.7 


1.36 


0.26 


Patient 5 


38.8 


8.3 


1.01 


0.12 


Patient 6 


51.4 


9.9 


2.25 


0.36 


Patient 7 


40.9 


3.7 


1.12 


0.20 


Affecteds 










GM, (#1) 


0.9 


0.9 


0.80 


0.21 


GM^ (#8) 


0.8 


0.6 


0.70 


0.20 
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The following synthetic method refer to Schemes 14-23 

Synthesis for GM1 -gangliosidosis (beta-D-galactosidase deficiency) 

1. 2.3.5.6-Tetrafluorophenyl trifluoroacetate (1) 25g (0.15mol) 2.3.5.6- 
tetrafluorophenol. 35 mL (0.2mol) trifluoroacetic anhydride and 0.5 mL 
boron trifluoride etherate were refluxed for 18 hours under argon 
atmosphere. Trifluoroacetic anhydride and trifluoroacetic add were 
removed by distillation at room temperature. The trifluoroacetic 
anhydride fraction was returned to the mixture, and the reaction was 
refluxed for 24 hours. This was repeated twice. After final distillation at 
room temperature, the desired product 1 was distilled at reduced 
pressure (62?C/45mmHg) to produce a coloriess liquid (30g. 82%). 1H- 
NMR. (Ref. Gamper, H. B.. Nucl. Acids Res.. v21 ppl45-i 50) 
2. Blotin-2.3.5.6.tetrafluorophenyl ester (2) A 2.5g (10.3mmoi) quantity of 
d-blotin in 20 mL anhydrous DMF under argon atmosphere was 
wamied to 60?C with stimng to effect dissolution. 1 .7 mL (12.5mmol) 
triettiylamine was added, followed by 3.4g (12.5mmol) 1. The mixture 
was stirred for 2 hours, after which the solvent was removed by rotary 
evaporation. The resultant semi-solid was triturated with 15 mL ether 
twice to produce a white solid (2.6g. 65%). IH-NMR. (Ref. Wilbur, D. 
S., Bioconj. Chem.. v8 PP572-584) 

3. N-methylglycylbiotinamlde-methyl ester (3) A 2.5g (6.4mmol) quantity 
of biotin tetrafluorophenyl ester in 30 mL anhydrous DMF under argon 
atmosphere was added to a mixture of l.lg (7.7mmol) N-metiiylglycine 
methyl ester hydrochloride dissolved in 10 mL anhydrous DMF and 
1.25 mL (9.0 mmol) triethylamine. The reaction mixture was stirred at 
room temperature for 2 hours, then the solvent was removed by rotary 
evaporation. The residue was extracted witii chorofomi (2x100 mL). 
washed wiOi water (2x20 mL). and dried with anhydrous sodium 
sulfate. The solvent was removed under vacuum to yield 2.1g (98 %) 
of methyl ester of N-methylglyclne biotinamide as an oil. 1H-NMR. (Ref. 
Wilbur. D. S.. Bioconj, Chem., v8 pp572-584) 
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4. N-methylglycylbiotinamide acid (4) N-Methylglycylbiotinamide methyl 
ester was hydrolyzed in a mixture of 31 mL MeOH and 10 mL of IN 
NaOH at room temperature witti stining for 1 hour. The mixture was 
diluted with 50 mL 50% MeOH/water and neutralized with cation 
exchange resin, hydrogen form (AG MP-50. BioRad). The solution was 
filtered, the resin washed (3x50 mL) with 50% MeOH/water. and the 
solvents removed by rotary evaporation to yield 1.6g (90%) of N- 
methylglycylbiotlnamide acid as an off-white solid. 1H-NMR. (Ref. 
Wilbur. D.S.. Bioconj. Chem.. v8 pp572-584) 

5. p-Acfylamldophenyl-?-D-galactopyranoside (5) 40mg (O.ISmmol) p- 
aminophenyl ?-D-galactopyranoside was added to 25 mL methanol 
and 200 mcL triethyJamine with stimng. The solution was chilled in an 
ice bath. 53.3mg (O.Smmol) acryloyi chloride was dissolved in 5 mL dry 
methylene chloride and added dropwise to the stin-ed solution over 5 
minutes. The reaction was allowed to retum to room temperature, 
followed by 2 hours of stirring. The solution was then treated with 
successive anion and cation exchange resins (AG MP-1 and AG MP- 
50. respectively, BioRad) until neutral pH was obtained with moist pH 
paper. Solvent was removed by rotary evaporation to yield a solid 
(43mg. 90%). 1H-NMR. (Ref. Romanowska, A.. Mettiods Enzymol., 
v242pp90-101) 

6. Michael addition product of 4.7.10-trioxa-1.13-tridecanediamine and 5 
(6) 20mg (0.07mmol) 5 was added to a stirred solution of 80mg 
(0.35mmol) 4,7.10-tiioxa-1.13-tridecanediamine in 5 mL 0.2M sodium 
carbonate, pH 10.5 at 37?C. The reaction was allowed to proceed for 3 
days, after which the solution was neutralized with dilute trifluoroacetic 
acid and purified by reverse-phase HPLC (Vydac C-18 prep-scale 
column, 6 mL/min. Mobile phase: H20 (0.08%TFA)/ ACN (0.08%TFA)) 
to give 7.3 mg of product. (Ref. Romanowska. A., Methods Enzymol.. 
v242pp90-101) 

7. GM1 substrate conjugate of 4 and 6 (7) A 2.5mg (7.4mcmol) quantity 
of 4 was dissolved in 1.5 mL anhydrous DMF witti stirring, under argon 
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atmosphers. 5 mcL trielhylamine was added, followed by 2 3mg 
(8.8mcmol) 1. The fonnetlon of a«ive esterwas monitored by silica 
TLC (5:1 CHC13/CH30H. Rf 0.5. UV) by briefly drying .he spo„ed TLC 
Plate wlft a stream of air. After 25 minutes, the mixture was added to 
3.2mo (5.9mcmol) 6 In 1 mL anhydrous DMF. After 2 hours the 
solvent was removed by vacuum centrifUgatbn and the final product 
was purified by reversei^hase HPLC (Vydac CIS prep-scale column 
6 mL/m,n. Mobile phase: H20 (d.08%TFAy ACN (0.08%TFA)) Yield ' 
Chemistry, ref. Wilbur. D. S.. Bioconj. Chem.. v8 

8. '■2.<0.'1-«=tadeut6ro^.6.9-trloxa.1,1i.undeoanedinitrile (8) 1g 
(9.4mmol) of diethylene glycol was dissolved In 2 mL 020 in a ,0 mL 
™und bottoo, ftask under argon atmosphere. The 020 was removed by 
ratary evaporation and the process was repeated 4 times. The d-2 
Methylene glycol was addltioned with 25 mL dry benzene, followed by 

l« !!^!!''^'''"''°^"*"'''^"*8"nder argon atmosphere. 
After 12h, the solvent was removed under reduced pressure and the 
resultant senrtsolid was extracted with chlorelbm, (2x5 mL) The 
solvent was removed by rotary evaporation to yield 1.85a(89%) 
P^tuct (Ref. Ashikaga. K.. Bull Chem. Soc. Jpn.. v61 pp2443.2450) 

9. 1.12-octadeutenM.r.1(Mrioxa.1.13^.idecanediamine (9) Raney 
h.d^ (Aldrtoh, was washed five .mes with ar^ydrous methanol by 
.~ arxl deoantation. SOmg of the washed catalyst was placed in 
20 mL anhydrous methanol, followed by 1g (4.6mmol) 8 in a 50 mL 
^crsw-cap Vial fitted with a TeHon^ined n,bber septum. The vial 
headspace was flushed for a few mh with H2 gas via an 18-gauge 
needle pien:ing the septum. T7,e cap was screwed on tghtly and »,e 
entoe assembly was charged to 40psi H2 and placed in a hot water 
bath (8Q:K, ,0, 4 hours, after which m, solid catalyst was removed by 
ffltratron and the methanol evaporated. T7» flnal product was purified 
by reverse-ph^ HPLC p^ydac 0,8 prep-scale column. 6 mUmin. 
Mobile Phase: H20 (0.08%TFAy ACN (0.08%TFA)). yield ,80 mg 
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(Ref. Ashikaga, K., Bull. Chem. Soc. Jpn„ v61 pp2443-2450) 

10. Deuterated analog of 6 (10) 25mg (0.09mmol) 5 was added to a stirred 
solution of 90mg (0.4mmol) 9 in 5 mL 0.2M sodium carbonate. pH 1 0.5 

at 37?C. Tlie reaction was allowed to proceed for 3 days, after which 
the solution was neutralized with dilute trifluoroacetic acid and purified 
by reverse-phase HPLC (Vydac C-18 prep-scale column. 6 mUmin. 
Mobile phase: H20 (0.08%TFAy ACN (0.08%TFA)). Yield 6 mg. 

1 1 . Deuterated analog of 7 (11 ) A 3mg (8.4mcmol) quantity of 4 was 
dissolved in 0.7 mL anhydrous DMF with stining. under argon 
atmosphere. 5 mcL triethylamine was added, followed by 2.4mg 
(8.9mcmol) 1. The formation of active ester was monitored by silica 
TLC (5:1 CHCI3/CH30H. Rf 0.5. UV) by briefly drying the spotted TLC 
plate with a stream of air. After 25 minutes, the mixture was added to 
6mg (llmcmol) 10 in 1 mL anhydrous DMF. After 2 hours, the solvent 
was removed by vacuum centrifugation and the final product was 
purified by reverse-phase HPLC (Vydac C-18 prep-scale column. 6 
mL/min. Mobile phase: H20 (0.08%TFAy ACN (0.08%TFA)). Yield 1 .8 
mg. 

12. GM1 intemal standard conjugate (12) 1 .8mg 1 1 was added to 2 mL 
1 0OmM Tris/1 OmM MgCI2. pH 7.3 buffer with stimng. 1 5 units 
recombinant ?-D-galactosidase (Sigma) was added, and after 12 hours 
the mixure was purified by reverse-phase HPLC (Vydac C-1 8 prep- 
scale column. 6 mL/min. Mobile phase: H20 (0.08%TFA)/ACN 
(0.08%TFA)). Yield 1.5 mg. 

Polyether diamine linker synthesis (Second Generation) 

Synthesis is based on chemistry previously described (Kataky, R. et. al. J CHEM 
SOC PERK T 2 (2) 321-327 FEB 1990). with minor modifications and an additional two 
steps. As an example, deviations from the established procedure as well as exact details 
for the additional steps are outlined below for the starting material diethylene glycol. 
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M™»de (5 .L, a™, d,e*,,e„e g,ycoK5.3g, 50n,„^, was added ac^lonlL 

» n,L d^„.«„„„e. The organic ^yer was washed 2x w», 5n„e and dried (MgsL 
^sc^en. was nerved 6y ,o.a^ evapo.«.„. The o«y rescue was .rea,ed 1 
P~.f ett,anc, and me soK«„, was rennoved b, roU^ evapo.^. This was 
.0 .™ve excess un.ac.ed ac^onWe. The produc. was used „«hcu, ft,«,er 
punfication 

in S °'*;'''y/'^'<^^"-'.13^'oa,e (14) 2g (9.4mmol) 13. was dissolved 
.n 5 mL emanol. Ig c6m=. suKuric acid was added siowiy, over 5 n,inu,es. The «ac«on 
™s heated to .,ux o.en,igh,. The reac«on was ex.rac.ed wim 40 .L „«m,en" 
chlonde washed once wiU„0 mL water and 3x ,o n,L dilute brine sduOon The 
organs layerwas dned (MgS04, and so^en. was renx,ved ,o yield an oil. The fine. 
P^duc was purified by silica chroniatography (n«,hy,ene chloride/eftyl acetete). 

» 

mrJ:^"'V''-"^'^'"''^ - using 

^ro^^n as so^,ent (,.7g. S.Sn^o, 14. 50 „L disced tCaH2I THF. 0.66g. 

16.5mmol l«h«,n, alumlnuri, hydride). Once addiUon was complete excess LAH L 
* euian., and ^ sa,.s preclpl.a.ed by drop^se addijn L"^^^^ 
^ sulfate solutton un«, , white predpHate tended. The solven. was ,en„,ed e« 
P^cptete washed 6x 30 ri.L wHh THF and .he combined o-ganlc ex..c.s we" 
evaporated te yield an oil. Final p^duc Is purified by silica chmmategraphy («,s, wi«, 
".e.hytenechioride«ten„l.he«,ylaoeteteandflnallywlmacetene). 

was adl'roTiT?;!''^'^"'" "^'"^ "'^ H-^-™-) 15 

was a<Wed .0 1.15g (14.6m™oO disSHed pyridine in 30 n,L dry benzene with sUmng 

by 1.8g ,14.6^,0., ^y, ohioride. The mix^re was healed te refiux ,or a 
hours After cool,ng ,n an ice bam. 5 mL 3M HCl was added wim vigors slimng The 

Without further purification. 
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Additional steps 

1,13-dicyano-4.7.10-trioxatridecane) (17) To a stirred solution of 0.78g 
(15.5mmol) sodium cyanide in 4 mL dimethyl sulfoxide at 80*C was added 1g 
(3.9mmol) of 16. After 2 hours, the reaction was additioned with 10 mL of saturated 
sodium chloride solution. 5 mL of water, and 50 mL ethyl acetate. The organic layer was 
washed 3x with a brine solution as before, after which the organic layer was dried 
(Na2S04) and the solvents removed. The final product was purified by silica 
chromatography (methlyene chloride/ethyl acetate). ESI-MS: predicted. 240.1; observed, 
241.1 (M + H+)+ 



1,15-diamino-5,8,11-trioxapentadecane (18) A stin-ed solution of 50 mL dry 
THF containing 0.42g (10.4mmQl) fresh LAH was heated to gentle reflux under argon for 
15 minutes. 0.5g (2mmol) 17 in 15 mL dry THF was added dropwise over 20 minutes, 
maintaining a gentie reflux. The unreacted LAH was quenched with ethanol. and the 
mixture was treated with dropwise addition of saturated sodium sulfate under efficient 
stimng until a white precipitate fonned. The mixture was filtered, and the precipitate was 
washed 6x 30 mL with THF. The organic extracts were combined and the solvent was 
removed by rotary evaporation to yield an oil. ESI-MS: predicted. 248.1; observed. 249.1 
(M + H+)+ 

Oeuteration 

Deuterium has been incorporated into the diamine linker by reduction of 14 and 
17 using lithium aluminum deuteride (98% D) to achieve a d-8 deuterated diamine. No 
other aspects of the synthesis were changed for this procedure. These diols are used in the 
construction of the SFD conjugates as described later. 

Clinical Substrate Synthesis for Sanfilippo Syndrome, type B (N-7-D- 
glucosaminidase deficiency) 

13. p-Aminophenyl-?-D-N-acetylglucosamine (19) 20mg (0.07mmol) p- 
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Nltrophenyl-?-D-N-acetyfglucosamjne (Sigma) was added to 5mg 
washed palladium catalyst on activated carbon in 3 mL methanol with 
stimng .n a 5 mL septa-lined vial. The septum was pierced by a 16- 
gauge needle and the vial headspace was flused with H2 gas H2 gas 
was allowed to slowly bubble through the solution for 2 hou,^ after 
wh,ch the catalyst was removed by filtration over diatomaceous earth 
(Celrte). The solvent was removed by rotary evaporation to yield a 
semi-solid 18mg (90%). 

14. P-Acrylamidophenyl-?.D-N-acetylglucosamine (20) lOmg (0.03mmol) 
19 was added to 15 mL methanol and 100 mcL triethylamine with 
stimng. The solution was chilled in an ice bath. 15mg (0.17mmol) 
acryloyi chloride was dissolved in 2 mL dry methylene chloride and 
added dropwise to the stin-ed solution over 5 minutes. The reaction 
was allowed to return to room temperature, followed by 2 hours of 
stimng. The solution was then treated with successive anion and 
cation exchange resins (AG MP-I and AG MP-50. respectively 
BioRad) until neutral pH was obtained with moist pH paper. Solvent 
was removed by rotary evaporation to yield a solid (1 Img. 95%) 1H- 
NMR. Yield 11 mg. 

15. 3.6-dioxa-1.9-nonanedinitiile (21) 2g (0.032mol) ethylene glycol was 
added to 0.5 g dry potassium hydroxide in 30 mL dry benzene 
followed by 5g (0.096mmol) acrylonitriie with stimng overnight at room 
temperature. The reaction was filtered and the solvent was removed by 
rotary evaporation to yield an oil. Final product was purified by silica 
chromatography (chlorofomi/methanol) to yield a coloriess oil 3 2g 



16. 4.7.d.oxa-1.10-decanediamine (22) Raney nickel (Aldrich) was washed 
five times with anhydrous methanol by inversion and decantation 
SOmg of the washed catalyst was placed in 20 mL anhydrous 
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methanol, followed by 1g (6fnmol) 21 in a 50 mL screw-cap vial fitted 
with a Teflon-lined rubber septum. The vial headspace was evacuated 
with H2 gas via an 16-gauge needle piercing the septum. The cap was 
screwed on tightly and the entire assembly was charged to 40psi H2 
and placed in a hot water bath (SOi C) for 4 hours, after which the solid 
catalyst was removed by filtration and the methanol evaporated. The 
final product was purified by reverse-phase HPLC (Vydac C-18 prep- 
scale column. 6 mL/min. Mobile phase: H20 (0.08%TFA)/ ACN 
(0.08%TFA)). 

17. Michael addition product of 20 and 22 (23) 5mg (0.015mmol) 20 was 
added to a stirred solution of 13mg (0.06mmol) 22 in 5 mL 0.2M 
sodium carbonate. pH 10.5 at 37?C. The reaction was allowed to 
proceed for 3 days, after which the solution was neutralized with dilute 
trifluoroacetic acid and purified by reverse-phase HPLC (Vydac C-18 
prep-scale column. 6 mL/min. Mobile phase: H20 (0.08%TFA)/ ACN 
(0.08%TFA)). Yield 6 mg. 

18. SFB substrate conjugate of 4 and 23 (24) A 4mg (0.013mmol) quantity 
of 4 was dissolved in 1.5 mL anhydrous DMF with stining. under argon 
atmosphere. 10 mcL dry triethylamine was added, followed by 4mg 
(O.OISmmol) 1. The formation of active ester was monitored by silica 
TLC (5:1 CHCI3/CH30H. Rf 0.5. UV) by briefly drying the spotted TLC 
plate with a stream of air. After 25 minutes, the mixture was added to 
6mg (0.012mmol) 23 in 1 mL anhydrous DMF. After 2 hours, the 
solvent was removed by vacuum centrifugation and the final product 

was purified by reverse-phase HPLC (Vydac C-1 8 prep-scale column. 
6 mL/min. Mobile phase: H20 (0.08%TFA)/ ACN (0.08%TFA)). Yield 
4.2 mg. 

19, 1.9-tetradeutero-3.6-dioxa-1,9-nonanedinitrile (25) 0.5g (8mmol) 
ethylene glycol was added to 0.1 g dry potassium hydroxide in 20 mL 
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acetonitriie. followed by 1 .4g (24mmol) d-3 ac^onitrile with sUrring 
overnight at room temperature. The reaction was filtered and the 
solvent was removed by rotary evaporation to yield an oil Final 
product was purified by silica chromatography (chloroform/methanol) to 
yield a coloriess oil 0.9g (65%). 

20J.94etradeutero-3.6^^^^^^ (26) Raney nickel 

(Aldnch) was washed five times with anhydrous methanol by inversion 
and decantation. 20mg of the washed catalyst was placed in 30 mL 
anhydrous methanol, followed by 0.5g (3mmol) 25 in a 50 mL screw- 
cap vial fitted with a Teflon-lined mbber septum. The vial headspace 
was evacuated with H2 gas via an 18-gauge needle piercing the 
septum. The cap was screwed on tightly and the entire assembly was 
Charged to 40psi H2 and placed in a hot water bath (8Q::C) for 4 hou,^ 
after which the solid catalyst was removed by filtration and the 
methanol evaporated. The final product was purified by reverse-phase 
HPLC (Vydac C-18 prep-scale column. 6 mUmin. Mobile phase- H20 
(0.08%TFAy ACN (0.08%TFA)). 

21. Deuterated analog of 23 (27) 20mg (O.OZmmol) p-acrylamidophenyl 
D-galactoside was added to a stirred solution of 90mg (0.4mmol) 26 in 
5 mL 0.2M sodium carbonate. pH 10.5 at 37?C. The reaction was 

allowed to proceed for 3 days, after which the solution was neutralized 

with dilute trifluoroacetic acid and purified by reverse-phase HPLC 

(Vydac C-18 prep-scale column. 6 mL/min. Mobile phase- H20 

(0.08%TFAy ACN (0.08%TFA)). Yield 2 mg. 

22. Deuterated analog of 24 (28) A 2mg (6.3mcmol) quantity of 4 was 
dissolved in 1.5 mL anhydrous DMF with stirring, under argon 
atmosphere. 5 mcL triethylamine was added, followed by 2 Img 
(7.6mcmol) 1. The fomiation of active ester was monitored by silica 
TLC (5:1 CHCI3/CH30H. Rf 0.5. UV) by briefly drying the spotted TLC 
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plate with a stream of air. After 35 minutes, the mixture was added to 
4mg (7mcmol) 27 in 1 mL anhydrous DMF. After 2 hours, the solvent 
was removed by vacuum centrifugation and the final product was 
purified by reverse-phase HPLC (Vydac C-1 8 prep-scale column, 6 
mLVmin. Mobile phase: H20 (0.08%TFA)/ ACN (0.08%TFA)). Yield 1.2 
mg. 

23. SFB intemal standard conjugate (29) 1.2mg 28 was added to 2 mL 
lOOmM Tris/IOmM MgCI2, pH 7.3 buffer with stirring. 1 5 units 
recombinant ?-D-galactosidase (Sigma) was added, and after 12 hours 
the mixure was purified by reverse-phase HPLC (Vydac C-1 8 prep- 
scale column, 6 mL/min. Mobile phase: H20 (0.08%TFA)/ACN 
(0.08%TFA)). Yield 0.7 mg. 

Clinical Substrate Synthesis for Sanfilippo Syndrome, type D 
(a sulfatase deficiency) 

24. p-Acrylamidophenyl-?.D-N-acetylglucosamine-6-sulfate (30) 100mg 
(0.28mmoi) 20 was added to 10 mL dry DMF under argon atmosphere 
with sflrrlng at room temperature. 89mg (0.56mmol) sulfur trioxide- 
pyridine complex was dissolved in 2 mL dry DMF and was added to 
the reaction in 0.7x. I .lx, 1.3x and 1.9x equivalents (+700 mcL. +400 
mcL, +200 mcL. and +600 mcL). The reactbn progress was monitored 
by 1H-NMR shift of the anomeric (CI) proton chemical shift from 5.29 
to 5.24 ppm by removal of 15 mcL of solution 1 hour after addition of 
each amount of sulfating reagent. The removed mixture was dried by 
vacuum centrifugation and redissolved in d-6 DMSO and analyzed. 
Upon the appearance of more than two fomis (starting material and C- 
6 sulfate) of the CI anomeric proton, the reaction was removed to - 
20?C and stored. The product was purified by vacuum centrifugation to 
remove solvent, followed by reverse-phase HPLC (Vydac C-1 8 prep- 
scale column, 6 mL/min. Mobile phase: H20 (0.08%TFA)/ ACN 
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(a08%TFA)). Yield 72%. 

25^Michae, addition product of 18 and 30 (31) 25mg (0.058m.ol)30 was 
added to a stirred solution of 83mg (0.35mmol) 18 in 5 mL 0 2M 
sodium carbonate. pH 10.5 at 37?C. The reaction was allowed to 
proceed for 3 days, after which the solution was neutralized with dilute 
tnfluoroacetc acid and purified by reverse-phase HPLC (Vydac C-18 
prep-scale column. 6 mL/min. Mobile phase: H20 (0.08%TFAy ACN 
(0.08%TFA)). Yield 10 mg. ^ 
26. SFD substrate conjugate of 4 and 31 (32) A 5.7mg (0.018mmol) 
quantity of 4 was dissolved in 1.0 mL anhydrous DMF with stimng 
under argon atmosphere. 20 mcL dry triethylamine was added 
followed by 5.5mg (0.020mmol) 1. The formation of active ester was 
monitored by silica TLC (5:1 CHCI3/CH30H. Rf 0.5. UV) by briefly 
doling the spotted TLC plate with a stream of air. After 25 minutes the 
n^xture was added to lOmg (0.015mmol) 31 in 1 mL anhydrous DMF 
After 2 hours, the solvent was removed by vacuum centrifugation and 
the final product was purified by reverse-phase HPLC (Vydac C-18 
prep-scale column. 6 mL/min. Mobile phase: H20 (0.08o/„TFAy ACN 
(0.08%TFA)). Yield 5.4 mg. /»rFAyACN 

27 1^.14.15Kx:tadeutero-1.15-dlamino-5.8.11-trioxapentadecane (33) As 
refe^nced in aPolyether Diamine Linker Synthesis. Second Generation 
28. Deuterated analog of 31 (34, 25mg (0.07mmol) 20 was added to a 
stirred solution of 100mg (0.4mmol) 1 1 in 5 mL 0.2M sodium 

carbonate. PH10.5 at 37?C. The .BacUon was allowed to proceed for3 
da^. after which the soluUon was neutralized with dilute trifluoroacetic 
aad and purified by reverse-phase HPLC (Vydac C-18 prep-scale 
column. 6 mL/min. Mobile phase: H20 (0.08%TFA)/ ACN 
(0.08%TFA)).Yield7mg. 

29. SFD internal standard conjugate (35) A 4mg (12.6mcmol) quantity of 4 
was dissolved in 1 mL anhydrous DMF wKh stimng. under ar on 
atmosphere. 20 mcL triethylamine was added, followed by 4mg 
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(14mcmol) 1 . The formation of active ester was monitored by silica 
TLC (5:1 CHCI3/CH30H. Rf 0.5. UV) by briefly drying the spotted TLC 
plate with a stream of air. After 20 minutes, the mixture was added to 
7mg (1 1 mcmol) 34 in 1 mL anhydrous DMF. After 4 hours, the solvent 
was removed by vacuum centrifugation and the final product was 
purified by reverse-phase HPLC (Vydac C-18 prep-scale column. 6 
mL/min. Mobile phase: H20 (0.08%TFA)/ ACN (0.08%TFA)). Yield 2. 7 
mg. 

N-(d-Biotinyl-sarcosiny|)-12-aminododecanoic acid (36). Compound 4 (32.2 mg. 0.102 
mnnole) was dried overnight in vacuo (with P205). Dry DMF (2 mL) was added and the 
mixture was stirred with warming to affect dissolution under nitrogen. Triethylamine (34 
mcL) was added followed by 1 (20.4 mcL. 0.1 15 mmole) added in two 10.2 mcL 
portions, 5 min apart. The mixture was stired for 1 hr at room temperature under 
nitrogen. 12-Aminododecanlc add (24.1 mg. 0.112 mmole. Sigma) was added in one 
portion, and the mixture was stin-ed at room temperature for 2 hr under nitrogen. CHCI3 
(80 mL) was added, and the organic solution was washed with two 10 mL portions of 1 
M HCI. CHCI3 was removed by rotary evaporation, and residual DMF was removed by 
vacuum centrifugation. The compound was dissolved in methanol and purified by HPLC 
(Vydac 218TP prep column). Solvent program is: 0-10 min, water with 0.06% TFA; 10- 
55 min, 0-100% methanol with 0.06% TFA, flow rate is 6 mL/min. Yield 31 .7 mg. 1H- 
NMR. ESI-MS, calculated 513.4, observed 513.4 (M + H)+ 

N-hydroxysucclnimidyl ester of 36 (37). Compound 36 (9.8 mg, 19 mcmole) is dissolved 
in 100 mcL of dry DMF under nitrogen. N-hydroxysuccinimide (2.2 mg, 19 mcmole) 
was added followed by dicyclohexylcarbodiimide (3.9 mg. 19 mcmole). The mixture 
was stirred at room temperature for 60 h in the dari<. Solvent was removed by vacuum 
centrifugation. and the residue was submitted to flash chromatography on silica gel using 
a gradient of CHCI3/CH30H (15/1) to CHCI3/CH30H (12/1). Yield 9.8 mg. 1H-NMR. 
ESI-MS, calculated 610.8. obsen/ed 609.7 (M + H)+ 

N-(N-(d-BioUnyl-sarcosinyl)-12-aminododecanoyl)-pyschosine (38). Compound 37 (6.2 
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mg 10 mcmole) and pyschosioe (4.7 mg. ,0 mcmole, Sigma) »ere dissolved in 200 
n^o,^ DMF under n«™ge„. O^y^y^^ ^ .cL, was added, andle 
n^^ was s«.ed under nmogen 2 days me darK. The compound was In^d 

2et T.7 """" "'"™ '"^^ ''''' "'^ -s 

developed a, 2 mUmin wim 0-20 ml„. water w,* 0.06% TFA, then 20-80 mi„ o-,ooy 

Sph,ngosyiphospho,V.choline(4.0n,g.Slgma)wasn,lxedwift, mLdryDMFand 
sc.ven.wasrern„vedWv3cuun,cen*ga«on. This was .pealed Jrnore «1 The 
«na,d„ed.s*e weighed 2.5 ,=.4 To .his residue was added 3.7:^ oT 

37(5.4 n«mole).,50 nKL o, DMF. and 2.5 n,oC ofdllscp.y,e,hylamine TtT 
^ was stlned under nll^gen i„ «,e dar. ^ 3 days. The Jpou d wis In^Ld 
d«ay o«o me HPLC ccumn (Vydac 218TP se™.prep, and me column wa 
.ieveloped a. 2 n,Um,n wim 0-20 min, water „im 0.06% TFA. men 20-80 mm 0-,00% 
memanol wim 0.06% TFA. Yield 3.8 mg 1H-NMR Esi m<: , , . . 
956.7 (MtH)t ""^•^""""■eSI-MS. calculated 960.3. obsen,ed 



^rr,T^'" '•'3-«..aml„o-4,7.10-.rtoxatrtdecahe ,40,. Compound 2 was 

syntnesis of 3. The product was purified by HPLC rVvdar 51 «tp . 
100% meman^ ^ o.06% TFA over 30 1 at J^f 

The product was pun,ed on HPLC as for 40. The stn^oture was confirmed by ES,-MS. 

TTsT^lT- * - ^0 using 9 Instead 

Of 1.13-diamino^.7.10-trioxatridecane. 
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Octadeuterated 42 (43). The title compound was prepared from 42 as for 41. The 
structure was confirmed by ESI-MS. 
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Exemplaof MS" Techniques and InstrumenlaMon 

Mautomated LC-MS».S system f„..he ,dan.ifica«o„ o, p^teins by ^air amho add 
sequence has been developed. A sd,e.aac representa^on is shown in ^ 7 Tl,el^ 
wh«h consists Can autosampie. a capiiia^ HPLC sys.e. conneced onZ .o an EsTwe 
quad^poie MS/MS ins.n,.e„. and a da. systen, is operated in .he .0,,^^^^^ 
M separated by 10 o,2D ge, eiectrophoresis, are Ceaved with a spe!.c p.teat 
usua»yt^,n. "'eresul.ngdeavage fragments are piaced in an ao.osan,p,er Eve,y37 
m-nutes .he autosampler injects one sample into the HPLC system and fte pepBdes 1 

»^ra.edbycap«ary™verse.phasechn,ma.ography.Assepa.,edpepUdeseid.e«om,he 
cNomatography column, «»ya« ionUed by me ESI pn^cess. enter the MS and the mass^ 
c^e ratio (n^, . measured. Any peptide ion whose intensKy exceeds a prede eZ^ 
.ntensrty threshoM . automatically sheeted by .he i„s.n,ment and c<.,ided in .he c^Zla 
2^en ga. T.ese Cis.ns resuK in pepiide ,ragmen.a..„. phmad, a. .e bonds 
peptide backbone (collision Induced dissocialion. CID). The masses o. the CID figments 

suffiaen. »*m«*on .o identify the pmtein by seething sequence daiabases «», «,e 
un,nterpreted MS/MS spectra. This is accomplished with the Sequent p^g^m The 
P^ idenmes each pepMe in a sequence daiabase which has same mass as .he 

C«,e »oba„c peptides. By matching «,e experimentally de.em,ined CID specrum wift 

automated fash,on a, a pace of less than 40 n^n. per sample. Since each peptide ^presents 
a^ ^pen^ent protein ident«ca.on and usua.y multiple peptides are denVed ,.m one 
pm.e«. protein Kientincation by this method is redundant and toieran. .o p^teins co- 
! ""^ characerizaiion o, 

analyse of the generated CID spectra can be used for the methods of this inventa. 

Protein WenlifiSbTJ.fem«Z k ^ =P"'™>~tiy (SPE^EJUSflUS) 

n ricanon by this method is based on ttie same principle as described 

above, excep. tt,a. peptide separata and ionization are peribnned a. signlfican«y higher 
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sensitivity. Fig.8 shows a schematic representation of the key design elements. The design 
of the system and its mode of operation have been published. Peptides derived from protein 
digests are concentrated by SPE. separated by CE and analyzed by ESI-MS/MS. The 
resulting uninterpreted CID spectra are used to search sequence databases with the 
Sequest software system. The SPE extraction device is a small reversed-phase 
chromatography column of the dimensions 0.18 x 1 mm which is directly packed in a fused 
silica separation capillary. PepUdes contained in a sample solution are adsorbed and 
concentrated on the SPE device, eluted in an estimated 100 - 300 nJ of organic solvent and 
further concentrated by electrophoretic stacking and/or isotachophoresis to an estimated 
volume of 5-30 nl. The peptides are then separated by CE In a 20 pm or 50 pm i.d. capillary 
and directly ionized by ESI as they leave the capillary (see reference 13 for design of the 
microspray ionization source). With this system, peptide masses can be determined at a 
sensitivity of 660 attomoles (approx. 500 fg for a 20 residue peptide) at a concentration limit 
of 33 amol/pl and that proteins can be Identified by the CID spectra of automatically selected 
peptides at less than 10 fmol (0.5 ng for a protein of 50 kDa) of sample at a concentration 
llmrt of less than 300 amol/pl. this technique Is used for the analysis at very high sensitivity 
of the peptide samples generated by the experiments. It has also been demonstrated that 
the analysis time available for automated CID experiments can be significantly extended by 
data-dependent modulation of the CE voltage. If several peptide Ions are detected 
colncidentally in the Ms. the CE voltage Is automatically dropped. This results In a reductfon 
of the electroosmotic flow out of the capillary and therefore in an extension of the time period 
available for selecting peptide ions for CID. The net effect of this peak parking technique is 
an extension of the dynamic range of the technique because the increased time available is 
used for CID of ions with a low ion cun-ent Once all the peptide ions are analyzed, 
electrophoresis Is automatically reaccelerated by Increasing the CE voltage to the original 
value. 
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heavy bioUnylalin™reag^^ ''^'^"^ ""^"i^" ""^ isotopically 



Peplid 
e ff 


m/z 
(light) 


Charg 
e state 


Peptide Sequence 


Kaiio 
(heavy;light) 


1 


518.4 


2+ 


(K) IWCK 


2.70 


2 


568.4 


2+ 


(K) ALCSEK 


2.68 


3 


570.4 


2+ 


(K) CEVFR 


2.90 


4 


760.5 


2+ 


(K) LDQWLCEK 


2.82 


5 


710.1 


3+ 


(K) FLDDDLTDDIMCVK 


2.88 


6 


954.2 


3+ 


(K) DDQNPHSSNICNISCDK 


2.90 


7 

a 1 4 


1286. 
9 


4+ 


(K) GYGGVSLPEWVCTTFHTSGYDT 
QAIVQNNDSTEYGLFOri^NK 
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TABLE 2. Sequence identification and quantitation of the components of a protein 
mixture in a single analysis. 



Gene Name* . Peptide sequence identified 



Observed 

ratio 
(d0/d8)* 



MeantSD 



Expected 

ratio 
(d0/d8)" 



% 
error 



LCA BOVIN 



ALC#SEK 
C#EVFR 

FLDDLTDDIMC#VK 



0.94 
1.03 
0.92 



0.96±0.06 



1.00 



4.2 



OVAL CHICK 



ADHPFLFC#IK 
YPILPEYLQC#VK 



1.88 
1,96 



1.92+0.06 



2.00 



4.0 



BGAL.ECOLI LTAAC#FOR loO 
IGLNC#QLAQVAER 0.91 
IIFDGVNSAFHLWC#NGR 1 .04 



0.98±0.07 



1.00 



2.0 



LACB^BOVIN WENGEC#AQK 

LSFNPTQLEEQC#HI 



3.64 
3.45 



3.55±0.13 



4.00 



11.3 



G3P_RABIT • VPTPNVSWDLTC#R 0.54 
IVSNASC#TTNC#LAPLAK 0.57 



0.56±0.02 



0.50 



12.0 



PHS2_RABIT IC#GGWQMEEADDWLR 0.32 
TC#AYTNHTVLPEALER 0.35 
WLVLC#NPGLAEIIAER 0.30 



0.32±0.03 



0.33 



3.1 



* Gene names are according to Swiss Prot nomenclature (www.expasv.chV 

* Ratios were calculated for each peptide as shown In Fig. 3. 

" Expected ratios were calculated from the known amounts of proteins present in each mixture. 

* ICAT-labeled cystelnyl residue. 
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SOD 1 GFHiHEFGDATNGC#VSAGPHFNPFK 0,46 : 1 

TEF1 RGNVC#GDAK 0 81 ■ 1 

C#GG!DK 0 70 " 1 

FVPSKPMC#VEAFSEYPPLGR 0^74 : 1 

VMA2 IPIFSASGLPHNEIAAQIC#R 0.70 : 1 

YHB1 HYSLC#SASTK 0.69 : 1 

• Gene names are according to the Yeast Proteome Database (YPD) (19) 

# Cystelnyl residue is ICAT-lal>eled. 

* Protein expression ratios were calculated as described in Fig. 3. 

' Carbon source for yeast growth was 2% ethanol (Eth) or 2% galactose (GALO. 

' Gene is known to be galactose- or glucose-repressed (19). 

' Eight other ribosomal proteins were detected at similar gene expression levels. 
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TABLE -4 




Essential fructosuria hepatic 
fructokinase deficiency 



Hereditary fructose intolerance 

Hereditary fructose 1,6- 
diphosphatase deficiency 



Erythrocyte aldolase deficiency 
with nonspherocytic hemolytic 
anemia (aldolase A defid ency) 

Glycogen storage disease type 
la (von Gierke d isease) 

Glycogen storage disease type 
lb 



Glycogen storage disease type 
jll_ 

Glycogen storage disease type 

IV (Andersen disease) 

Glycogen storage disease type 

V (McArdie diseas e) 

Glycogen storage disease X- 
linked phosphorylase kinase 
deficiency 

Glycogen storage disease 
autosomal phosphorylase 
kinase deficiency 

Glycogen storage disease liver 
phosphorylase deficiency 



BCHE 



Fructokinase 



Fructose 1,6- 
bisphosphate aldolas e B 

Fructose 1.6- 
bisphosphatase 



Glycogen storage disease type 
VH (Tarui disease ) 

Liver glycogen synthase 
deficiency 



Fructose 1.6- 
bisphosphate aldolase A 

Glucose 6-phosphatase 

Glucose 6-phosphate 
translocase 



Amylo-1. 6-gIucosidase 
(debrancher enz yme) 

ot-1, 4glucan-6-a- 
glucosyltransfe rase 

Muscle glycogen 
phospho rylase 

Phosphorylase ^kinase 



Phosphorylase b-kinase 



Liver phosphorylase 



Muscle 
phosphofructokin ase 1 

Liver glycogen synthase 



Decreased or absent 
enzyme activity 



Deficient enzyme activity 



Deficient enzyme activity 
Defident enzyme activity 



Defident enzyme activity 



Absent or deficient 
enzyme ac tivity 

Deficient transport of 
glucose 6-phosphate 
across the membrane of 
endoplasmic ret iculum 

Absent or deficient 
enzyme activity 

Defident enzyme activity 

Absent or deficient 
enzyme 

Defident or absent 
enzyme activity function 

Defident enzyme activity 



Defident enzyme activity 



Defident enzyme activity 



Unknown 
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TABLE - 4 



1 Disease | Enzvme | 


Dysfunction 




Phosphoglycerate kinase 


Phosphoglycerate kinase 


Deficient enzyme 


Phosphoglycerate mutase 
deficiency 


Phosphoglycerate 
mutase 


Deficient enzyme 


Muscle lactate dehydrogenase 
deficiency 


•••uowc-ofJci^lliC oUDUnil OT 

' lactate dehydrogenase 
(LDH) 


Absence of M subunit of 
LDH. Musde LDH is a 
tetramer of the heart- 
specific subunit 


Glucose phosphate isomerase 
deficiency 


Glucose phosphate 
isomerase 


Unknown 


Transferase deficiency 
galactosemia 


Galactose 1 -phosphate 
uridyttransferase 


Deficient enzyme activity 


Galactokinase deficiency 
galactosennia 


Galactokinase 


Deficient enzyme activity 


Epimerase deficiency 
galactosemia 


Uridine diphosphate 
galactose-4-epimerase 


Deficient enzyme action 

in blood cells only 
(benign) or, more rarely, 
in all tissues (generalized) 


Phenylketonuria (PKU) due to 
PAH deficiency 


Phenylalanine 
hydroxylase (PAH) 


Defident or absent PAH 
activity (<1% normal) 


Hyperphenylalaninemia due to 
DHPR-deficiency 


Dihydropteridine 
reductase (DHPR) 


Deficient or absent DHPR 
activity 


Hyperphenylalaninemia due to 
GTP.CH-deficiency 


Guanosine triphosphate 
cyclohydrolase (GTP-CH) 


Deficient enzvme activitv 


Hyperphenylalaninemia due to 
6-PTS-deficiency 


6-Pyruvoyl 
tetrahydropterin synthase 
(6-PTS) 


Defident enzyme activity 


Oculocutaneous tyrosinemia 
(tyrosinemia type II; tyrosine 
amino-transferase deficiency) 


Tyrosine 
aminotransferase 


Decreased activity 


4-Hydroxyphenylpyruvic acid 
dioxygenase (tyrosinemia type 
III) 


4-Hydroxy-phenylpyruvic 
acid dioxygenase 


Decreased activity 


Maleylacetoacetate isomerase 
deficiency (tyrosinemia type lb) 
(tentative) 


Maleylacetonacetate 
isomerase 


Presumably decreased 
enzyme activity 
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Disease 


TABLE - 4 
J Enzyme 








A^ysiuiiciion 


Hepatorenal tyrosinemia 
(tyrosi'nemia type 1: 
fumarylacetoacetate hydrolase 
deficiency) 


Fumarylacetoacetate 
hydroxylase 


Deficient enzyme activity 


Carbamyl phosphate synthetase 
deficiency 


Carbamvi nhncnhat^i 
synthetase 1 


Absent or defident 1 
enzyme activity 


Ornithine transcarbamylase 
deficieni^ 


Ornithine 
transcarbamylase 


Absent or reduced j 
I enzyme activity ( 


Argininosuccinic acid 
ojfifu i^iaoc udiuicncy 


Arglninosucdnic acid 
synthetase 


j Defident enzyme activity 1 


Argininosuccinase deficiency 


Argininosucdnate lyase 


Deficient enzyme activity j 


Arginase deficiency 


Liver arginase 


Deficient enzyme activity 1 


Familial hyperlysinemia (variant: 
saccharopinuria) 


j a-Aminoadipic 
semialdehyde synthase 


j Deficient enzyme activity ] 


iviapic ayiup unne oisease 
(MSUD) or branched chain 
ketoaddemia 


Branched-chain a-keto 
acid dehydrogenase 


I Deficient or absent (<2%) I 
BCKAD complex activity 

in mitochondria; | 
immunologic absence or 
reduced levels of enzyme j 
subunits; impainnent of 
El subunit assembly 


Cystathionine P-synthase 

deficiency 1 


Cystathionine P-synthase| 


J 1 

Defident enzyme activity j 


a-Cystathionase deficiency [ 


a-Cystathionase | 


Defident enzyme activity 


Hepatic methionine 
adenosyltransferase deficiency 


Isoenzyme of methionine [ 
adenosyltransferase 


Defident enzyme activity 


Sarqosinemia 


Sarcosine 
dehydrogenase? j 


Defident enzyme activity 1 


Nonketotic hyperglycinemia T 


Glycine cleavage system j 


Defident enzyme activity ( 


riyperuracii uiyminuria I 


Dihydropyrimidine 
dehydrogenase j 


Deficient enzyme activity J 


Dihydropyrimidinuria 


Dihydropyrimidinase ( 


Unknown j 


Pyridoxine dependency with j 
seizures 


Brain glutamic acid 
decarboxylase-l j 


Deficient coenzyme 
binding? <brain) | 
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1 Disease | 


Enzyme 


Dysfunction 




GABA aminotransferase 
deficiency 


GABA-a-ketoglutarate 
transaminase 


Deficient enzyme activity 


4-Hydroxybutyric aciduria 


Succinic semialdehyde 
dehydrogenase 


Deficient enzvme actlvifv 


Serum carnosinase deficiency 
and homocarnosinosis 


Serum carnosinase 


DefiHpnt pn7\/rno 
ii^^iii^c?! 11 CI Idyllic 


Alkaptonuria 


Homogentisic add 
oxidase 


Absent or deficient 
enzyme activity 


Isovaleric acidemia 


Isovaleryl-CoA 
dehydrogenase 


Dpfir*iPnt pn7\/mo oofi%/iK/ 
k/diuiciii CI Idyllic ciullVliy, 

deficient protein, 
abnomial peptide size 


Isolated 3-methylcrotonyl-CoA 
carboxylase deficiency 


3-MethylcrotonyI-CoA 
carboxylase 


Defident enzyme activity 


3-MethyIglutaconic aciduria 
Mild form: 


3-Methylgiutaconyl-CoA 
hydratase 


Deficient enzyme activity 


3-Hydroxy-3-methylglutaryl-CoA 
lyase deficiency 


3-Hydroxy-3- 
methylglutaryl-CoA lyase 


Deficient enzyme activity 


Mevalonir ^ipirfiiri^i 


ivievdionaie Kinase 


Deficient enzyme activity 


Mitochondrial acetoacetyl-CoA 
thiolase deficiency 


Mitochondrial 
ducujdcciyi~ooA uiioiase 
(T2) 


Defident enzyme activity, 
decreased protein, 
unstable protein 


Propionic acidemia (2 nonallelic 
forms designated pccA and 
pccBC) 


Propionyl-CoA 
carboxvlase fPCC\ 


Defident enzyme activity 

^1 Iwi lalldlv^ lUliiio icIRSi.*! 

mutations in nonidentical 
subunits of PCC) 


Methylmalonic acidemia (2 
allelic variants designated mur 
and mut 


Methyldmalonyl-CoA 
mutase (MUT) 
apoenzyme 


Absent MUT activity in 
/7?trf% deficient MUT 

activity due to reduced 
affinity for cofactor 

(adenosylcobalamin) in 
muf 


Glutaric acidemia type i 


Glutaryl-CoA 
dehydrogenase 


Defident enzyme activity 


Cytochrome oxidase deficiency 


Cytochrome oxidase 
polypeptides 


Decreased activity of the 
cytochrome oxidase 
complex 
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Pyruvate dehydrogenase 

complex deficiency-El 
decarboxylase com ponent 

Pynjvate dehydrogenease 
transacylase 

Combined a-keloadd 

dehydrogenase 
deficiency/lipoamide 
dehydrogenase deficiency 



Pynjvate decarboxylase. 
E,a 

Dlhydrolipoamide 
transacylase 

Lipoamide 
dehydrogenase 



Pyruvate carboxylase deficiency Pyruvate carboxylase 



Carnitine palmitoyi transferase I 
(CPT I) defidency 

Camitine/acylcamitine 
transiocase defic iency 

Carnitine palmitoyi transferase II 
JCPT II) defidency 



Very long-chain acyl-CoA 
dehydrogenase (VLCAD) 
deficie ncy 

Long-chain acyl-CoA 
dehydrogenase (LCAD) 



Long-chain L-3-hydroxyacyl- 
CoA dehydrogenase (LCHAD) 
defide ncy 

Trifunctionai enzyme (TFE) 
defid ency 

Dienolyl-Co reductase 
deficiency 



Medium-chain acyl-CoA 
dehydrogenase (MCAD 
deficiency 

Short-chain acyl-CoA 
dehydrogenase (SCAD) 
deficiency 



Carnitine palmitoyi 
transfera se I 

Carnitine/ acylcamitine 
transiocase 

Camitine palmitoyi 
transferase II 

Very long-chain acyl-CoA 
dehydrogenase 

Long-chain acyl-CoA 
^hydrogenase 



L-3-hydroxyacyl-CoA 
dehydrogenase 

Trifunctiona! enzyme 

2.4-djenoyl-CoA 
reductas e 

IWedium-chain acyl-CoA 
dehydrogenase 

Short-chain acyl-CoA 
dehydrogenase 



Decreased enzyme 
activity, decreased 
prote in 

Decreased enzyme 
activity; abnormal protein 
electrophoretic mo bilitv 

Decreased enzyme 
activity 



Absent enzyme activity; 7 
cases absent enzyme, 
protein, and mRN A 

Defident enzyme 
Deficient transiocase 
Defident enzyme 
Defident enzyme 

Defident enzyme 



Deficient enzyme 

Defident enzyme 
Deficient enzyme 
Defident enzyme 

Deficient enzyme 
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1 Disease 


Enzyme 


DvsfunctioD 




Glutaric acidemia type II 


Electron transfer 
flavoprotein (ETF); 
ETF:ubiquinone 
oxidoreductase 


In some cases, no 
enzyme antigen; in 
others, no enzyme 
activity 


Glycerol kinase deficiency (Gkd) 


Glycerol kinase 


The microdeletion 
involves not only GK but 
also the other deleted 
lod: AHC, DMD, OTC, 
and other linked loci 


Primary gout: superactive 
variant of 
phosphoribosylpyrophosphate 
(PP-ribose-P) synthetase 


PP-ribose-P synthetase 


Enhanced enzyme 
activity 


Primary gout: partial deficiency 
of hypoxanthine guanine 
phosphoribosyltransferase 
(HPRT) 


Hypoxanthine guanine 
phosphoribosyl 
transferase (HPRT) 


Absent or defident 
enzyme activity 


Lesch-Nyhan syndrome: 
defidency of hypoxanthine 

guanine 
phosphoribosyltransferase 
(HPRT) 


Hypoxanthine guanine 
phosphoribosyltrans- 
ferase (HPRT) 


Absent or defident 
enzyme activity 


2.8-Dihydroxyadenine lithiasis 
(adenine 
phosphoribosyltransferase 
deficiency) 


Adenine 
phosphoribosyltransferas 
e 


Type I: absent enzyme 
activity; type II: reducted 
affinity for PP-ribose-P 


Adenosine deaminase 
deficiency with severe combined 
immunodeficiency disease 


Adenosine deaminase 


Absent or greatly 
diminished enzyme 
activity 


Purine nucleoside 
phosphorylase deficiency with 
cellular immunodeficiency 


Purine nucleoside 
phosphorylase 


Absent or greatly 
diminished enzyme 
activity 


Myoadenylate deaminase 
deficiency 


Myoadenylate deaminase 
(AMPDI) 


No enzyme activity; on 
immunoreactive protein 


Xanthinuria 


Xanthine dehydrogenase 
(xanthine oxidase) 


Type I: absent xanthine 
dehydrogenase activity; 
type II: absent xanthine 

dehydrogenase and 
aldehyde oxidase activity 
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Disease 




Hereditary orotic aciduria 

Pyrimidine 5*-nucleotidase 
deficiency 

Dihydropyrimidine 
dehydrogenase deficiency 



UMP synthase 

Pyrimidine 5 - 
nucleotidase 

Dihydropyrimidine 
dehydrogenase 



Dihydropryimidase deficiency Dihydropyrimidase 



Familial lipoprotein lipase 
deficiency 



Familial lecithin: chloesterol 
acyltransferase deficiency 

6-Amino!evulinic acid 
dehydratase porphyria 



Acute intermittent porphyria 



Lipoprotein lipase 



Lecithinrcholesterol 
acyltran sferase 

6-Aminolevulinic acid 
dehydratase 



Porphobilinogen 
deaminase 



Congenital erythropoietic 
porphyria 



Porphyria cutanea tarda (familial 
form) 

Hepatoerythropoietic porphyria 
Hereditary coproporphyria 



Uroporphyrinogen III 
cosynthase 

Uroporphyrinogen 
decarb oxylase 

Uroporphyrinogen 
decarbo xylase 

Coproporphyrinogen 
oxidase 



Variegate porphyria 
Erythropoietic protophorphyria 



Protoporphyrinogen 
oxida se 

Ferrochelatase 



Crigler-Naijar syndrome, type I | Bilirubin UDP. 

glucuronosyltransfer ase 
CrigJer-Najjar syndrome, type II | Bilirubin UDP^ 

glucuronosyltransferase 



Deficient enzyme activity 
(unstable pro tein) 

Absent or unstable 
enzyme 

Absent or unstable 
enzym e 

Absent or unstable 
enzyme 

Nonfunctional protein in 
some, nondectable 
enzyme activity and 
protein in others 

Absent enzyme protein or 
deficient enzym e activity 

Minimal enzyme activity 



Decreased enzyme 
activity (-50%) 



Minimal enzyme activity 

Decreased enzyme 
activity (--50%) 



Minimal enzyme activity 



Decreased enzyme 
activity (-50%) 



Decreased enzyme 
activity (-50%) 

Decrease enzyme activity 
(-50%) 

Absent enzyme activity 



68 



SUBSTITUTE 



SHE£T<RULE 26) 



BNSOOCIO: <WO__OOI 1208A1_I.> 



wo 00/1 1208 



PCT/US99/19415 



TABLE -4 

Enzyme | Dysfunction 



Gilbert syndrome 


Bilirubin UDP- 
glucuronosyltransferase 
activity 


Reduced enzyme activity 


Refsum disease 


Phytanic acid a- 
hydroxylase 


Deficient enzyme activity 


Primary hyperoxaluria type 1 


Alanine-glyoxylate 
aminotransferase 


Loss of enzyme catalytic 
activity and aberrant 
subcellular distribution 


Primary hyperoxaluria type 2 


Glyoxylate reductase/D- 
glycerate dehydrogenase 


Loss of enzyme catalytic 
activity 


Gm2 gangliosidosis: 
hexosaminadase a-subunit 
deficiency (variant B. Tay-Sachs 
disease) 


P-hexosaminidase 


Absent or defective 
hexosamininidase A (aP) 
activity 


Glycogen storage disease type 
II 


a-glucosidase 


Absent or deficient 
enzyme activity 


Mucopolysaccharidosis 1 
(Hurier, Scheie, and Hurier- 
Sheie syndromes. MPS. MPS 

MPQ ll-l/C\ 


a-L-iduronidase 


Absent enzyme activity 


Mucopolysaccharidosis II 
^nunier synarome ) 


Iduronate sulfatase 


Absent enzyme activity 


Mucopolysaccharidosis III 
(SaniflioDO svndrome^ tvoes A 
B. C and D 


IIIA: Heparan W-sulfatase 

II ID. wiV"av»eiyi- 

glucosaminidase 
IIIC: Acetyi-CoA: a- 

giucosaminide 
acetyltrarisferase 
HID: A/-acetyl- 
glucosamine-6-sulfatase 


Absent enzyme activity 


Mucopolysaccharidosis IV 
(Morquio syndrome) types A 
and B 


IVA: Galactose 6- 
sulfatase 
IVB: 3-Galactosidase 


Absent enzyme activity 


Mucopolysaccharidosis VI 
(Maroteaux-Lamy syndrome) 


A/-acetyl-galactosamine 
4-sulfatase 


Absent enzyme activity 


Mucopolysaccharidosis VII (Sly 
syndrome) 


(^-glucuronidase 


Absent enzyme activity 
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i-cell disease (MUl) 


N-acetylglucosaminyl-l- 
phosphotransferase 


Phosphorylation of many 
_ lysosomal enzymes 

Deficient activity of a-A/- 
acetylgalactosaminidase 


Schindier disease (a-/V-acetyl- 
galactosaminidase deficiency) 


a-A/-acetyl- 
j gqiqctosaminidase 


J a-Mannosidosis 


1 of-D-mannosidase 


Deficient or unstable 
enzyme activity 


P-Mannosidosis 


P-D-mannosidase 


Deficient enzyme activitv 


1 Sialidosis 


1 ^ • aiiiji iiuase 


Deficient enzyme activity 


Aspartylglucosaminuria 
j Fucosidosis 


Aspartyglucosaminidase 
a>L-fucosidase 
Acid lipase 


Deficient enzyme activity 
Deficient enzyme activity 
j Deficient enzyme activity 


1 Wolman disea«;p ^nH r>hrkiAofAn«j 
1 wi.iiuii vjiocaoc diiu cnoiGsieryi 

ester storage disease 


J Ceramidase deficiency (Farber 
j lipogranuiomatosis) 


1 Ceramidase 


Deficient erizvmp artn/ih/ 


J Niemann-Pick disease (NPD) 
1 types A and B (primary 
j sphingomyelin storage) 


Sphingomyelinase 


Deficient 
ofji III i^omyeiinase activity 1 


1 Gaucher disease type 1 \ 
j (nonneuronopathjc) 


Glucocerebrosidase 1 


L^cui CdocU CoiaiyuC 1 

activity and some 1 
instability of enzyme j 
protein | 


Globoid-cell leukodystrophy 1 
(KJaPDe disease) j 

Metachromatic feukodystrophy ( 

Fabry disease | 


Galactosylceramidase 1 

Arylsulfatase A T 
a-Galactosidase A \ 


yVn^Prtt Pn7\/mA ^^fU^tK* 1 

'~ki./odfi CI i^yins acuViiy i 


Deficient enzyme activity j 

Nonfunctional or unstable 
enzyme protein 


gangliosidosis j 


Acid P-galactosidase 1 
(GLBI) 


Deficient enzyme activity 1 


Gm2 gangliosidosis: 
hexosaminidase a-subunit 
deficiency (variant B. Tay<Sachs 
disease) 


p-hexosaminidase 1 


Absent or defective 
hexosaminidase A (aP) 

activity j 


Steroid 2 1 -hydroxylase 
deficiency salt-losing form 


Steroid 21 -hydroxylase j 


Absent or truncated j 
enzyme with no activitv 1 
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1 Disease | 


Enzvme | 


Dysfunction 1 




Steroid 5a-reductase 2 
deficiency 


Steroid 5a reductase 2 


Muocni or unsiaoie 
enzyme activity 


Steroid sulfatase deficiency (X- 
linked ichthyosis) 


3P-hydroxysteroid 
sulfatase 


Absent immunoreactive 
and enrymatically active 
protein (both deletion and 
nondeletion patients) 


Methylenetetrahydrofolate 
reductase deficiency 


Methylenetetrahydro- 
folate reductase 


Absent or deficient 
enzyme activity. 
Thermolabile vanants 
have been described. 


Holocarboxvlase svnthetasp 
deficiency 


noiocarooxyiase 
synthetase 


Defident holocarboxylase 
synthetase activity 


Biotinidase deficienrrv 


Diuuniaase 


Deficient biotinidase 
activity 


Hereditary methemoglobinemia 

secondary to cytochrome bg 
reductase deficiency, types 1. II. 

onrl 111 

ana iii 


Vi'jr iwViri II v/i 1 IC Ug iCUUwIgIS6 


Deficient enzyme activity 
in erythrocyte cytosol only 
(type 1). in all tissues 
(type II), and in all 
hematopoetic ceils (type 
III) 


Pyruvate kinase deficiency 
hemolytic anemia 


Pyruvate kinase 


Deficient enzyme activity 


ncAUMnase aeTiciency 
hemolytic anemia 


Hexokinase 


Deficient enzyme activity 


Giucosephosphate isomerase 
deficiency hemolytic anemia 


wiUbUocpi lUdpriaie 

isomerase 


Deficient enzyme activity 


Aldolase deficiency hemolytic 
anemia 


Aldolase (A type) 


Defident enzyme activity 


Triosephosphate isomerase 
deficiency hemolytic anemia 


Triosephosphate 
isomerase 


Enzyme activity defident 
in all tissues 


Phosphoglycerate kinase 
deficiency hemolytic anemia 


Phosphoglycerate kinase 


Defident enzyme activity 
in hemizygotes 


2,3-Diphospho-glyceromutase 
and phosphatase deficiency 


2.3-Diphospho-glycerate- 
mutase and phosphatase 
(1 protein) 


Deficient enzyme activity 


6-Phosphogluconate 
dehydrogenase deficiency 


6-Phosphogluconate 
dehydrogenase 


Enzyme activity 
deficiency 
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Glutathione peroxidase 
1 deficiency 


Glutathione peroxidase 


Diminished enzyme 
activity 


1 Glutathione rpdurt^Qf^ 
defidency 


Glutathione reductase 


Deficient enzyme activity 


1 deficiency hemolytic anemia 


Glutathione synthetase 


Deficient enzyme activity 


1 y ^^'luiaiiiyii^bieine syninetase 
j defidency hemolytic anemia 


Y-GIutamylcysteine 
synthetase 


Defident enzyme activity 


j Adenosine deaminase 
hyperactivity hemolytic anemia 


Adenosine deaminase 


Overproduction of 

StrUCturailv nnrmal 

enzyme protein mediated 
at mRNA translation level 


Pyrimidine nucleotidase 
defidency hemolytic anemia 


Pyrimidine nudeotidase 


Deficient enzyme activity 


Myeloperoxidase defidency 1 


Myelooeroxida^A 


Absent or defident 
enzyme activity 


Carbonic anhydrase II 
deficiency syndrome 

j (osteopetrosis with renal tubular 1 

j addosis) 


Carbonic anhydrase 11 


Quantitative defidency of 
carbonic anhydrase II 


j Albinism, oculocutaneous 
tyrosinase-negative type 
1 (OCAIA) 

Canavan disease j 


Tyrosinase J 
Aspartoacylase J 


Absent, reduced, or 
unusual enzyme activity 

Deficient enzyme activity 
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TABLES. Mol cular masses of protonated and sodiated substrat -conjugates, products and interna! 
standards for CDGS enzymes. 



m/z 



Enzyme 


Substrate 




Product 


Internal 
standard 






(M + H)* 


(M + Na)* 


(M + Hr 


(M + Nar 


(M + HY 


(M + Nar 


Type la.b 


711 


733 


549 


571 


555 


577 


Manose- 
transferase 


725 


747 


563 


585 


570 


592 


Type II 


1156 


1178 


1343 


1365 


1348 


1370 


Type 


1126 


1148 


2362* 


2384^ 


2367* 


2389* 



" Calculated for the GlcNAc-T 11 product and Internal standard containin a GlcNAc-GlcNAc-Mannose- 
(Mannose-GlcNAc)2 residue. 
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Scheme I 




LINKER (heavy has 8 deuteriums) 



Flowchart illustration of the procedure for quantitative protein nrnfil. 
measurements based on stable isotope ratL by nl^s CZet^'^ 



Sample protein mixture 



Reference Protein mixture 



Derivatize cysteines 
with light isotope reagent 




Derivatize cysteines 
with heavy isotope reagent 



Enzymatically cleave protein 



Affinity isolation of derivatized peptides 

1 



Analysis and quantitation of derivatized peptides by LC-MS/MS 
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Scheme 2 

Custom chemical synthesis of sulfhydryl-reactive biotinylating reagent. Linker can be 
made either isotopically heavy (dS) or light(dO). 




O 
2 
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Scheme 4 




Schemes 

Stnictures of Substrate Conjugates 1 and 2, Product Conjugates 3 and 4, and Internal 
Standards S and 6 



n = 1 



OH 
O 



1 «.= 

HN' >H HO-J ^ 

) •=0 = CH2 

n = 0 

=o 

RiO-f W 3 R, = H 





O 

HN^H 



9H3O 



• =0 = CH2 

n = 1 

4 Ri = H 

• =0 = CH2 



I n 



6 "^^2 n = 0 



1 



5 Rt = H 

• =O=C02 
n = 1 

6 Ri=:H 

= CH2 O = C02 
n = 0 
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Scheme 7 




Scheme 8 



Glucose 



ATP 



Glucose-6-P 



Mamiose 



ATP 



Dol-P-mamiose 




7^ 

GDP Dol-P 



GDP-mamiose 



GTP 



Fructose-6-P 



PMlb 



Mamiose-6-P 



PMM2 



Mamiose- 1-P 



Dol = Dolichol 
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Scheme 9 




l.(CF3COQ)2Pd 
"^OR benzoqumonc, ^ 
AcOH 

R = S}Mt2 NBii Z^CHjONa/CHjOH 





6 X X 



B-S-Dol ,0-P 



1. Active ester coupling 

2. OH-deprot€ction 

3. Phosphorylation 



•OPO3- 



AIkyI = CH3 
CD3 
C2H5 
C2D5 
X=:HorD 



Scheme 10 



GlcNAc-TI 



UDP-GlcNAi 




Chitobiosylasparagine 



GIcNAc-T II 

UDP-GlcNAc 




^ Chitobiosylasparagine 
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Scheme 1 1 
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Scheme 12 (continued) 

pAC 





NH2-Try-GIn-Ser-Asn-Ser-Thr-Met-NH2 



B-S-NH-Try-Gln-Ser-Asn-Ser-Thr-Met-NHj 
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Scheme 14 




5 
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Scheme 15 



OH 
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Scheme 16 



OH 



HO 




10, R = N 



11, R = NH, 



D D 




O D ^ D'^D 

^^^'^ — NH 

">6 



12 



4CH3 
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Scheme 17 




15, x = OH 

16, X = CI 

17, X = CN 
18i X = CH2NH2 



WBOOCIO: <VWJ_ooua«l«AU^ 
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Scheme 18 



OH 




HO 



NHAC 



19, X = NH2 20, X=NH 




23, x = 



24, x = 



NH 



NH 




NH 




,NH, 



NH 



D 



a 



,NH- 



D. D 



'CH., 



21, X = CN 

22, X = CH2NH2 

25, X = CN 

26, X = CH2NH2 
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Scheme 22 




38, x = 

OH 
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We claim: 



Wherein J^ageS me ll'uTr '^'^ 



A-L-PRG 



stable isotopes and PRO is I oroteSf '"^"^ " "we 

p™.el. S,n4nai 9'oups irfsrsSlfeTarn'^r''^''^''''^^^^ 

fS/Ss*?z^^s*ed":cxrc^^^^^^^ 

proteins and enzyme produos Produas in the sample, affinity lagged 

with stable IsotcpeT ' "^"^ ^rentlaay labeled 

IhSSlySs ""^"'""^ ^'"'^ -'"S -pf,,. reagent 

ilSe SSonSSe Si'™ «» ^^'^ 
reagent: and ^^99®^ components and the capture 

(e) detecting and identifying the released affini^, f=««=w 

spectrometry. released affinity tagged components by mass 

into amnty lagged peptides 'hem 

p'^.™ segtnc^t'Sndem 'mas'" ""f" °' <" »« ^^-V «39ed 

prPtein ftom whtah the pe^e o^S. '"^"""'^ "'"'^ 

of the proteins to be quan'tated °^ °'' '"^'^ ^^"^ards for each 

The method of claim 1 whprpin ppr* .v 

wnerein PRG is an enzyme substrate and the enzymatic 
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velocities of one or more enzymes in a sample are determined by quantitation of 
affinity tagged enzyme products and which further comprises the step of introducing 
into a sample a known amount of one or more internal standards for each of the 
affinity tagged enzyme products of an enzyme, the velocity of which, is to be 
quantttated. 

7. The method of claim 1 wherein the released affinity tagged components are 
separated by chromatography prior to detecting and identifying the components by 
mass spectrometry. 

8. The method of claim 1 in which a plurality of proteins or protein functions in one 
sample are detected and identified. 

9. The method of claim 1 further comprising a step in which one or more of the proteins 
in a sample are chemically or enzymatically processed to expose a functional group 
that can react with an affinity tag. 

10. The method of claim 9 wherein the PRG is an enzyme substrate for one or more 
enzymes, the deficiencies of which, are linked to a disease state. 

11. The method of daim 9 wherein an affinity tagged, substantially chemically identical 
and differentially isotopically labeled enzyme substrate is provided for each enzyme 
that is to be detected and identified in a sample. 

12. The method of claim 1 wherein PRG is a protein reactive group that selectively reacts 
with certain protein functional groups and a plurality of proteins are detected and 
identified in a single sample. 

13. The method of claim 1 1 wherein two or more affinity tagged, substantially chemically 
identical and differentially isotopically labeled protein reactive reagents having 
different specificities for reaction with proteins are provided and reacted with each 
sample to be analyzed. 

14. The method of claim 13 wherein .all of the proteins in a sample are detected and 
identified. 

15. The method of claim 1 wherein the relative amounts of one or more proteins in two or 
more different samples are determined and which ftjrther comprises the steps of 
combining the differentially labeled samples, capturing affinity tagged components 
from the combined samples and measuring the relative abundances of the affinity 
tagged differentially labeled proteins or the affinity tagged differentially labeled 
peptides originating from that protein. 

16. The method of claim 1 5 which determines the relative amounts of membrane proteins 
in one or more different samples. 

1 7. The method of claim 1 5 in which different samples contain proteins originating from 
different organelles or different subcellular fractions. 
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18. 



19. 



TTie method of claim 15 in which diff^mnt eam^i^- 



A-L-PRG 



where A rs an affinity laUel that selectively binds to a capture reaaenl ] , r . 
group which can be differentially labelled with stable iXpiInd prg Jf J"'?^ 
reacve group that selectively reacts with certain prct* SalTmups' 

thereby diflerentially labeleS wiSblJisiC? '" ""'"S 

xr^irx'eTtSaSsVbir^^^^ 

Sig'^rbrrrSSS-etiSnletr ^"^'^^ ^^'^ 
capture reagent: and =ffi™ty tagged peptides and the 

by S^S^t^tS^'X? ^'"■"■'V '^Sged differentially labeled peptides 

{™tCggeSreS^^^^^^ - P^^^- Qanerated 

^^s^f.heprctJnV.whr^l^^:^^S 

foS:"' =l'=<=''°™«c analysis of plains which has the general 

A-L-PRG 

gr;w^srca?b?dSS!iyT^K^^^^ ^ ^= ^ "--^^ 

re^acjjve group thatselectlvelyth^a'S^^^^^^^^^ 
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21 . The reagent of claim 20 wherein PRG is a sulfhydryl reactive group or an amine 
reactive group. 

22. The reagent of claim 20 wherein PRG is an enzyme substrate. 

23. The reagent of claim 20 wherein the A-L-PRG is soluble in a sample liquid to be 
analyzed. 

24. The reagent of claim 20 wherein the linker is a cieavable linker. 

25. The reagent of claim 20 which has the general formula: 

A-B1-XHCH2)n.[X2^CH2)m ]x.X3-{CH2)p -X4.B2-PRG 
where: A is an affinity label; 
PRG is a protein reactive group; and 

B1-X1-(CH2)n-[X2-(CH2)m ]x.X3.(CH2)p -X4.B2 is a linker group wherein: 

X1 , X2. X3 and X4, independently of one another, and X2 independently of other X2 
can be selected from O. S. NH, NR. NRR*+. CO, COO, COS, S-S. SO. S02, CO-NR'.' 
CS-NR\ Si-O, aryl or diaryl groups or X1 -X4 may be absent; 
B1 and B2, independently of one another, are optional groups selected from COO 
CO. CO.NR\ CS-NR-. ( CH2 )q.CONR\ {CH2)q.CS.NR'. or (CH2)q; 

n, m, p, q and x are whole numbers that can take values from 0 to about 100, where 
the sum of n+xm+p+q is less than about 100; 

R is an alkyl. alkenyl. alkynyl, alkoxy or an aryl group that is optionally substituted with 
one or more alkyl, alkenyl, alkynyl, or alkoxy groups; and 

R* is a hydrogen, an alkyl, alkenyl. alkynyl. alkoxy or an aryl group that is optionally 
substituted with one or more alkyl, alkenyl, alkynyl, or alkoxy groups 

wherein one or more of the CH2 groups in the linker can be optionally substituted with 
alkyl. alkenyl. alkoxy groups, an aryl group that is optionally substituted with one or 
more alkyl. alkenyl. alkynyl. or alkoxy groups, an acidic group, a basic group or a 
group canying a permanent positive or negative charge; wherein one or more single 
bonds linking non-adjacent CH2 groups in the linker can be replaced with a double or 
a triple bond and wherein one or more of the atoms in the linker can be substituted 
with a stable isotope. 

26. The reagent of claim 20 wherein the affinity label is biotin or a modified biotin. 

27. The reagent of claim 20 wherein the affinity label is selected from the group 
consisting of a 1 .2-diol. glutathione, maltose, a nitrilotriacetic acid group, or an 
oligohistidine. 
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28. The reagent of daim 20 wherein the affinity label is a hapten. 

29. The reagent of claim 20 wherein PRG is a suifhydryl-reactive group. 

30. The reagent of claim 20 wherein PRG is an iodoflrsMomw 

31. The reagent of claim 20 wherein PRG is an aminp ro=i^hw= 
^acs a ho^sanne 'a=.one o,°^ol;S:er:ir^^™r/lp 

succinimide ester group sulfon^h^nS. ?o ^' N-hydroxy 

tertafluorophenyl eS'an aS hal.^f a^^^^^^^^ 'sothiocyanante. active ester, 

reactive Primary amine group and an '^^^^^ f^^^^^serine lactone 

2.3.5.6-tetrafluoropheni? £^TscBiat ^ '"''"^ °^ 

33. The reagent of claim 20 wherein PRG is a substrate for an enzyme. 

Sa^cyjeTw^Sd^^^^^^^^ c'efidencyof 

-.ency 

2etv?^n"\°^'"^''" -^°7^^^'*" ^"^^ ^ substrate for P-galactosidase 
38. The reagent of claim 20 wherein at least one of 81 or 82 is CO-NR' or CS-NR. 
^^^^^^^^^.^^ - --^^ NH. NR. and 

The reagent of claim 20 wherein the linker contains a disulfide group. 
h'^JvSpe^'''"'^ 

reaSf It 2o' °' ''^ '"^^^ '^^^^ ^^^^^ comprises a 

43. The reagent kit of claim 42 that comprises one or more reagents of daim 20. 

ul^^Sno^f?^;^^^^^^^^^^^ for 
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46. The reagent kit of claim 42 wherein the reagent is an affinity tagged enzyme 
substrate reagent. 

47. The reagent kit of claim 46 which comprises a set of substantially chemically 
identical differentially labeled affinity tagged enzyme substrates. 

48. The reagent kit of claim 47 further comprising a set of substantially chemically 
identical differentially labeled affinity tagged enzyme products. 
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